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ABSTRACT 
 
Natural rubber (cis–1,4-polyisoprene) is produced by the rubber tree (Hevea 
brasiliensis) and is derived from the latex produced in laticifers. The process of 
tapping releases the cytoplasm from laticifer cells and Ethrel (an ethylene releaser) 
has widely been used as a stimulant to increase latex yield significantly. However, 
the exact mechanism of Ethrel stimulation of latex flow is still elusive. This project 
investigated this mechanism by focusing on the contribution of aquaporins and 
phloem turgor pressure.  
 
Aquaporins are integral membrane proteins embedded in intracellular and plasma 
membranes facilitating the transmembrane movement of water and other small 
molecules. Aquaporins play a critical role in plant transmembrane water movement. 
To identify the most important aquaporins related to Ethrel stimulation, our recently 
sequenced H. brasiliensis transcriptome and draft genomes were examined. It is 
found that HbPIP2;3 is the most functional aquaporin related to ethylene 
stimulation among the 51 aquaporin isoforms. HbPIP2;3 is present in all tissues 
and, especially, in latex. Its expression is up-regulated following both wounding 
and Ethrel treatment, and is closely associated with latex dilution, latex yield and 
the response of H. brasiliensis clones to Ethrel stimulation.  
 
Phloem turgor pressure determines the initial driving force of latex flow and is an 
indicator of latex flow after tapping. To investigate the effects of Ethrel stimulation 
on phloem turgor pressure, a novel phloem pressure probe was developed to 
measure the real-time variation in phloem turgor pressure. Different parameters 
including time of the day, tree height, H. brasiliensis clone, tree age and girth, bark 
age, tapping and Ethrel stimulation were examined. It is found that phloem turgor 
pressure is associated with rubber tree latex yield and tapping system optimization. 
Ethrel stimulation has no significant influence on the initial phloem turgor pressure 
but delays the recovery of phloem turgor pressure after tapping. Therefore, Ethrel 
stimulation dilutes latex and defers laticifer plugging. 
 
The further investigation of latex dilution reaction during the tapping flow showed 
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that both phloem turgor pressure and aquaporins were involved. The tapping-
induced rapid turgor pressure drop is the cause of the first stage water influx into 
laticifers, while osmoregulation prevails during water exchange in the second and 
third stages of tapping flow. The rapid transcript up-regulation of HbPIP1;4, 
HbPIP2;1 and HbPIP2;3 contributes to the latex dilution reaction. The higher the 
initial aquaporin expressions, the lower is the initial latex total solid content and the 
lower the up-regulations of aquaporins during the tapping flow.  
 
The local increase of latex total solid content (LILTSC) is connected with latex 
yield. By investigating the formation and Ethrel reduction of LILTSC, the LILTSC 
was confirmed in the tapping-side of the tapped trees. The LILTSC is one of the 
key characteristics of tapping and becomes significant after the fourth tapping of a 
virginal tree. While Ethrel stimulation can dilute latex in the whole system, it is the 
area near the tapping cut where the highest latex dilution occurs due to the high 
expression of HbPIP1;4, HbPIP2;1 and HbPIP2;3 aquaporins.  
 
In summary, the functional plasma membrane intrinsic aquaporins and phloem 
turgor pressure are closely related to latex yield. Ethrel stimulation can up-regulate 
the expression of aquaporins, particularly near the tapping cut that facilitates latex 
dilution.  
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CHAPTER 1:   INTRODUCTION  
 
1.1   Research objective  
 
Natural rubber is derived from the milky phloem cytoplasm thatflows out when a 
rubber tree (Hevea brasiliensis) is regularly tapped. It is an indispensable raw 
material used in civil and military industries. Consequently, there is a strong need 
to develop methods to increase natural rubber yield in the limited area. The yield of 
a rubber tree is influenced by such factors as planting materials, environment and 
the tapping system. As Ethrel (2-Chloroethylphosphonic acid, an ethylene releaser) 
stimulation has been applied to increase latex yield significantly, it is used as a 
conventional technique in rubber tapping worldwide. However, the underlying 
mechanism is still not clear.  
 
Upon each tapping, a process to harvest latex by regularly removing a shaving of 
bark, the latex yield is primarily determined by the latex flow (velocity and 
duration), which governs the quantity of latex exudation of each tapping. The latex 
regeneration determines the exudation potential and quality (reconstitution) of the 
latex between each tapping. Although Ethrel stimulation may accelerate the 
regulation of latex, extensive studies have shown that the main effect of Ethrel 
stimulated latex yield is on latex flow as it is well documented that Ethrel 
stimulation may dilute latex and prolong latex flow duration. However, this process 
requires further investigation.  
 
Aquaporins are water channel proteins that regulate transmembrane water flow in 
plant membranes. Recently, seven aquaporin genes have been cloned from H. 
brasiliensis and found to play an important role in the Ethrel induced latex yield 
promotion. However, the characterisation of aquaporins in H. brasiliensis is still in 
its infancy because studies in Arabidopsis, rice, populous and other plants show that 
aquaporins are multifunctional water, solute and gas transporters with large number 
of isoforms, and the regulation of aquaporins are highly divergent. The expression 
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of aquaporins with tapping and rubber tree clonal response to Ethrel stimulation 
have not been incorporated.  
 
In addition, phloem turgor pressure is the driving force for initial latex flow. The 
alteration of aquaporin gene expression with other osmotic regulation relevant 
genes, such as quebrachitol transporters, sucrose transporters and hexose 
transporters in response to Ethrel stimulationwould lead to changes in phloem 
turgor pressure and thus impact latex flow. However, the effect of Ethrel 
stimulation on phloem turgor pressure is still ambiguous. The change of phloem 
turgor pressure after hormone treatment and tapping is still unclear due to the lack 
of a reliable method to accurately measure real time changes in phloem turgor 
pressure.  
 
This project aims to further understand the association of aquaporins and phloem 
turgor pressure with the rubber tree latex production. It will also investigate the 
mechanism of Ethrel stimulation from these two aspects. The results will supply 
valuable information for the mechanism of Ethrel promotion of latex yield, 
optimization of rubber tree tapping systems, and the early evaluation of rubber 
clone yield potential and responses to ethylene stimulation. 
 
1.2   Research hypothesis 
 
The hypothesis of this project is that the up-regulation of dominant aquaporins by 
Ethrel stimulation induces the dilution of latex and the increase of phloem turgor 
pressure, which will facilitate the latex flow and increase latex yield. The difference 
of rubber tree yield potentials is linked to their variable expression profiles of 
aquaporins and their variation in phloem turgor pressure. To achieve this, the 
folllowing assumptions will also be validated: 
(1) Aquaporin expression is related to latex dilution and Ethrel induced latex 
yield promotion. The susceptibility of rubber tree yield to Ethrel 
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stimulation can be partly ascribed to its different responses to aquaporin 
expression; 
(2) Phloem turgor pressure is an indicator of rubber tree latex yield upon 
tapping and the tapping system can be optimized to take advantage of 
variation in phloem turgor pressure to increase the yield. Ethrel 
stimulation can change the phloem turgor pressure; 
(3) Phloem turgor pressure and aquaporins are associated to the latex dilution 
reaction during the tapping flow;  
(4) The promotion of latex yield by Ethrel stimulation is linked to its 
reduction of local latex total solid content, and hence visicosity of the 
fluid, due to the dilution of latex via aquaporins up-regulation near the 
tapping cut.  
 
1.3   Thesis outline 
 
There are 7 chapters for the thesis. The main contents of each chapter are as follows: 
 
Chapter 2 provides a descriptive background of the relationship between rubber tree 
latex yield, latex water content, phloem turgor pressure and Ethrel stimulation. It 
also outlines the previous work that has examined the effects of Ethrel stimulation 
on the rubber tree phloem turgor pressure and aquaporin expressions.  
 
Chapter 3 describes the whole aquaporin gene family members of H. brasiliensis 
and identifies a novel latex dominant and Ethrel induced aquaporin. The water 
transport activity of the aquaporin is characterized in Xenopus oocytes and its gene 
expression profiles according to rubber tree organs, tapping, wounding, Ethrel 
stimulation and rubber tree clones are examined.  
 
Chapter 4 develops a novel technique to accurately measure the real-time variation 
of phloem turgor pressure in H. brasiliensis. The reliability of the newly developed 
phloem turgor pressure probe is tested and the variation of turgor pressure with time 
of day, tree height, rubber clone, tree age and girth, regenerated-bark age and Ethrel 
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stimulation are investigated. In addition, some suggestions for the optimization of 
latex tapping system according to the variation in phloem turgor pressure are 
proposed.  
 
Chapter 5 focuses on the latex dilution reaction during the course of tapping flow. 
The mechanism of latex dilution during the tapping flow and its relation with Ethrel 
stimulation, aquaporin expression and phloem turgor pressure are investigated. 
 
Chapter 6 examines the variation of latex total solid content along rubber trees and 
reports for the first time the formation and Ethrel respite of local-increase-in-latex-
total-solid-content near the tapping cut. The relationship of the increase of local 
latex total solid content with latex metabolism activity and aquaporin expressions 
is also discussed. 
 
Chapter 7 summarises the work and identifies some new directions for future work 
to further understand the mechanism of Ethrel stimulation. 
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CHAPTER 2:    LITERATURE REVIEW 
 
2.1 Introduction 
 
Natural rubber is an indispensable industrial raw material. It comes from the latex 
of tropical tree species, the rubber tree (Hevea brasiliensis Muell. Arg), which 
widely cultivated in Southeast Asia, Africa, and South America. Upon tapping, the 
process of regularly removing a shaving of bark, its laticifer vessels will be opened 
and its milky cytoplasm, latex, will flow out until the severed laticifer vessels are 
plugged (D'Auzac et al. 1989). Water and phloem turgor pressure are important 
factors influencing rubber tree yield. Water, which accounts for 60% -70% of latex 
exudation, is directly related to latex viscosity and latex fluidity (Van Gils 1951; 
D'Auzac et al. 1989), while the phloem turgor pressure caused by the presence of 
cell cytoplasm and osmotica is the initial driving force of latex flow. As the mature 
laticifer vessel rings are devoid of functional plasmodesmata connections (de Faÿ 
et al. 1989), the exchange of water between laticifers and their surrounding tissues 
has to occur through membrane-mediated processes. Aquaporins are key proteins 
to mediate water flow across membranes (Kaldenhoff et al. 2008; Maurel et al. 2008; 
Chaumont and Tyerman 2014). However, the role of aquaporins in phloem water 
balance and phloem turgor pressure regulation have not been extensively studied. 
 
Tapping is a labour intensive work. In order to increase latex production, reducing 
tapping frequency, numerous stimulants have been applied to increase the 
productivity of rubber cultivation and reduce the labor intensity. The discovery of 
Ethrel (Ethephon, 2-chloroethylphosphonic acid, CEPA, an ethylene releaser) 
revolutionized the stimulation process of latex as it can commercially regulate latex 
yield at will based on physiological and economic requirements (Nair 2010). 
Therefore, it has been commonly used as a routine practice in rubber plantations 
worldwide (Jetro and Simon 2007). Judicious utilisation of Ethrel-like stimulants 
helps increase rubber yield and reduce labour cost, while unscientific use would 
cause deleterious effects during the economic life span of the rubber trees and thus 
reduce total yields during the life span of the rubber tress (Jetro and Simon 2007). 
The most significant side effect caused by Ethrel stimulation is the tapping panel 
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dryness (TPD) syndrome, a physiological disorder that may severely affect the 
economic value of rubber trees (Priyadarshan 2011). It is reported that the overuse 
of Ethrel stimulation has led to severe incidences of TPD (Krishnakumar and Jacob 
2004; Priyadarshan 2011) with 20-50% of rubber trees in almost every rubber 
planting county having been affected by TPD (Venkatachalam et al. 2010), which 
results in a loss of dry natural rubber by 15-20%, i.e. 1.31~1.74 million tons every 
year. More importantly, the incidence of TPD tends to increase with the expanding 
of rubber plantations and the popularity of Ethrel stimulation tapping system. 
Although various efforts have been made to understand how Ethrel works including 
its deleterious effects, the underlying mechanism of Ethrel stimulation is still 
unclear and no other safe and effective substitute has been found. There are still no 
efficient measures to reduce TPD.  
 
A wide range of studies have been conducted to better understand the latex flow 
course, uncover the mechanism of Ethrel stimulation, reduce its unscientific use 
and develop a new safer and efficient stimulant. The literature review covers the 
mechanism of latex flow, hormone stimulation of latex yield and its mechanism. 
Since the stimulation of latex yield by ethylene mainly results from its effect on 
latex flow, while the latex water content and phloem turgor pressure play an 
imperative role in latex flow, emphasis is given to aquaporin that governs the 
phloem water balance and the change of phloem turgor pressure upon Ethrel 
stimulation. 
 
2.2 The importance of increasing natural rubber yield from H. brasiliensis 
 
Natural rubber is a latex polymer. Due to its superior characteristics of elasticity, 
resilience and insulation, natural rubber (cis-1, 4-polyisophrene) has been 
extensively used in many different industries with over more than 50,000 products 
of different varieties (Nair 2010). It is difficult to be replaced by synthetic rubber 
for many applications. Therefore, it is classified as one of the most versatile 
agricultural products in the world.  
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Natural rubber derives from the milky latex that flows out from rubber plants. 
Although there are more than 2500 species confined to 300 genera of seven families 
that can produce latex, only few plants can produce large amounts of natural rubber 
with the molecular weight higher than one million Daltons, which is crucial to the 
natural rubber quality. Guayule (Parthenium argentatum) and Russian dandelion 
(Taraxacum koksaghyz) are alternative rubber crops extensively studied and 
tentatively cultivated that can produce high quality natural rubber (van Beilen and 
Poirier 2007). However, almost 99% of the world natural rubber is currently 
commercially produced from H. brasiliensis, also known as Para rubber tree or 
rubber tree (Nair 2010; Priyadarshan 2011). Although H. brasiliensis can also 
supply timber and seed oil to the market, natural rubber latex is the most valuable 
product. According to the data published by International Rubber Study Group 
(IRSG), there were roughly 12.7 million hectares of rubber trees planted in 48 
countries, producing 11.4 million tons nature rubber a year in 2012 (IRSG 2013) .  
 
In the past decade, the world consumption of natural rubber rose progressively from 
7.33 million tons in 2001 to 11.4 million tons in 2012 (IRSG 2013). Even though 
the demand for natural rubber materials has markedly increased over last decades, 
the cultivation region of H. brasiliensis is limited environmentally. South America 
is the central origin of H. brasiliensis. However, the natural rubber production there 
accounts for only 2% of world production due to the prevalence of South American 
Leaf Blight disease. The suboptimal rubber planting countries in Southeast Asia are 
the major area for the H. brasiliensis cultivation and Thailand, Indonesia, Malaysia 
and India account for 75% of rubber plantation and 77% of natural rubber yield 
worldwide (IRSG 2013).  
 
The increasing natural rubber supply could barely keep up with the global demand 
in the recent years. However, due to increasing consumption, and environment and 
land restrictions, the supply shortage of natural rubber will be widened. It is 
estimated that the global natural rubber demand will rise to 19.1 million tons, while 
the natural rubber production will only be 18.4 million tons by 2025 (IRSG 2013). 
This situation is particularly severe to China where its natural rubber consumption 
and import are the largest in the world. Therefore, how to increase rubber tree yield 
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to meet the gap and improve land productivity is now becoming a challenge 
forrubber research. 
 
2.3  Factors influencing latex production 
 
2.3.1 Plant materials 
 
The current popular cultivars of rubber trees are almost all originated from the 
70,000 seeds collected by Wichham from Rio Tapajoz region of Upper Amazon 
(Boim district) in 1876 (Priyadarshan 2011). Although the genetic background is 
extraordinarily narrow, numerous practices have proved that latex yields and flow 
durations are greatly varied between clones especially when they are subjected to 
Ethrel stimulation (D'Auzac et al. 1989).  
 
These differences between clones can be attributed to the dissimilarities of clone 
characters on their bark anatomies, latex physiological metabolism and response to 
tapping and other environmental stresses (D'Auzac et al. 1997).  It is evidenced that 
the ring number, density, inclination angle of latex vessels within the phloem，as 
well as the quantity of conducting phloem and the number of vascular rays are 
varied with clones and correlated with latex yields (Gomez 1982). In addition, the 
latex physiological parameters can be used effectively and accurately to describe 
different clones under analogous condition (Eschbach et al. 1984). For example, 
PB217 latex has relatively high sugar, thiols and Mg contents; in contrast, PB23 
latex is characterized by relatively low sugar thiols and Mg contents but high redox 
potential, inorganic phosphate, and bursting index (D'Auzac et al. 1997). 
Furthermore, various clones respond differently when they are cultivated in various 
areas and subjected to diverse stresses. The  PB217 rubber clone has a very high 
total solid content, short latex flow and low metabolic activity when it is not 
stimulated with Ethrel (Tungngoen et al. 2009), while clone of CATAS8-79 
exhibited long latex flow duration whether it is stimulated or not due to its relatively 
low total solid content (Gao et al. 2009). The GT1 rubber clone is regarded as a 
high yielding clone in China but its yield is quite low in Tripura although the two 
places are in the same latitude range. Consequently, much emphasis has been put 
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on breeding high yielding and stress tolerant cultivars in all rubber planting 
countries. 
 
2.3.2 Environment 
 
H. brasiliensis belongs to the genus Hevea of the Euphorbiaceae family. It is a 
perennial tropical tree originating from the tropical rain forests of the Amazon basin. 
The ideal climate for rubber tree is (Priyadarshan 2003): 
 
(1)  Temperature: around 28C with the diurnal variation of 7 ℃;  
(2)  Rainfall: 2000-4000 mm/annum and distributed evenly in 100-150 days;  
(3)  Sunshine hours: 2000 h/year at the rate of around 6 h/day in all months; and 
(4)  Wind: between 1.0-1.6 m/s.   
 
However, rubber plantations have been extended to many marginal regions with the 
increase of global natural rubber demand (Priyadarshan 2003).  
 
In the non-traditional rubber planting countries, soil and environmental conditions 
are limitations to latex yield. The annual growth cycle (leaf growth, flowering, 
fructification, seeding, leaf fall), latex quantity (latex yield) and latex quality (latex 
constituents) are all affected by climatic factors, especially by water availability, 
wintering and soil (D'Auzac et al. 1989). Therefore, any conditions contributing to 
a good water supply to rubber tree phloem or limiting the loss of water by 
evapotranspiration are beneficial to latex flow and production (Paardekooper and 
Sookmark 1969; Buttery and Boatman 1976). In addition, climate factors that 
directly favour sufficient carbon supply by photosynthesis are of great importance 
to latex yield (D'Auzac et al. 1989). These factors include rainfall, air saturation 
deficit, wind speed, temperature and insolation that can change the water circulation 
of rubber plantations. It is reported that the defoliation resulted from seasonal 
drought or low temperature in winter can cause 10-70% of latex loss (D'Auzac et 
al. 1989). In addition, cold and wind injuries are common disasters in many sub-
optimal regions of rubber cultivation countries (Nair 2010). Furthermore, soil relief, 
depth, physical features (texture, coarse particle content) and chemical features (pH, 
N, P, K, Ca, Mg) could affect rubber tree yield as they can change the rooting, water 
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dynamics and nutrient availability of a rubber tree. Therefore, planting 
rationalisation is proposed in every rubber tree planting country based on the 
environmental factors. 
 
2.3.3 Tapping  technique 
 
Tapping is a process of harvesting rubber tree latex by regularly removing a 
controlled thin slice (1-1.5mm) of bark from the surface of the tapping cut but 
leaving the cambium for bark regeneration (Nair 2010).  After a rubber tree is 
cultivated for 5-7 years and reaches its maturity, it can be regularly tapped for 25-
30 years (Priyadarshan 2011). Therefore, an optimal tapping system is essential to 
ensure a productive lifespan.  
 
The tapping technique is the combination of: 
   
(1) the depth of cut,  
(2) the direction of tapping (angle, upward or downwards),  
(3) the length of cut,  
(4) the number and frequency of tapping,  
(5) the number of tapping cuts and their height, and  
(6) hormone stimulation (including its chemical composition, concentration, 
frequency and application method ).  
 
Any of these components could affect the yield of rubber tree latex. Firstly, the 
depth of the cut should be appropriate according to the anatomy of rubber tree bark. 
If the cut depth is too shallow and not enough laticifer mantles are removed, the 
latex therefore could not flow out the laticifers sufficiently. Contrarily, if the cut 
depth is too deep, the cambium of the tree will be damaged, and the renewing of 
the rubber tree bark would be impaired. Secondly, the tapping cut should be 
arranged from the high left to the low right at a slope of 30° for a budded tree to 
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open a greater number of laticifer vessels since laticifer vessels in the bark travers 
at an angle of 30° from bottom left to top right (Priyadarshan 2011). Thirdly, the 
length, number and frequency of the tapping should be determined based on the 
latex regeneration rate, otherwise the latex production in the rubber tree bark will 
be soon run out, leading to tapping panel dryness (TPD). In addition, the hormonal 
stimulant, its concentration and frequency should be selected properly. For example, 
ethylene oxide, a powerful gaseous sterilizing agent, has been a very effective latex 
yield stimulant. However, due to the resultant bark necrosis and completely drying 
of latex-bearing tissue (Taysum 1961) from the ethyelne oxide stimulation, it is not 
recommended as the stimulant for rubber tapping. Although Ethrel is confirmed as 
an effective stimulant and is currently widely used to improve the productivity 
without reducing latex yield, the excessive use and/or misuse can also result in 
serious malfunction and TPD (Krishnakumar and Jacob 2006; Venkatachalam et al. 
2009). 
 
TPD is a spontaneous process of drying of the tapping panel, resulting in abnormal 
low yield or complete cession of latex production (Jacob and Krishnakumar 2005). 
Once the rubber tree suffers from TPD syndrome, the natural rubber production and 
economic value of the rubber tree will be severely decreased. It is well documented 
that an unscientific tapping system, which is characterized by over-exploitation, 
high tapping frequency or over stimulation, can notably increase the incidence of 
TPD (Jacob and Krishnakumar 2005). However, 20-50% of rubber trees in almost 
every rubber planting country have the problem of TPD, resulting in 15-20%, eg 
1.31-1.74 million tons, loss of dry natural rubber every year (Venkatachalam et al. 
2009). 
 
2.4  Latex yield stimulation 
 
In order to increase latex production, substantial efforts have been made to increase 
rubber yield with physical or chemical stimulations. The first known trial was by 
Kamerun (1912) who periodically scraped the outer dead layer bark along the 
tapping panel. Similarly, Sharples (1918) patented a method of scraping the outer 
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corky bark below the tapping cut (D'Auzac et al. 1989). Thereafter, various 
materials such as cow dung, vegetable oil, mineral oil, or their mixtures were used 
to improve the rubber tree yield and bark renewal due to their natural plant hormone 
content.  
 
A wide range of compound chemicals was proved to have stimulation effects on 
latex production. These chemicals include CuSO4, HgCl2, H3BO4, weed-killer 2,4-
diochlorophenoxyacetic acid (2,4-D), auxin-like compounds α-naphthalene acetic 
acid (NAA), methoxine, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 2,4-dichloro-
fluorophenoxyacetic acid (2,4-C-5-FPA), halogenophenoxyacetic acid, 4-
chlorophenoxyacetic acid (4-CPA), methyl-2-chloro-4-phenoxyacetic (MCPA), 
ethylene oxide, anaesthetics (chloroform, ether), thiols groups antitranspirant 
reagent (phenylmercuric salt), antibiotics (tifomycin), gas molecules ( acetylene, 
ethylene), β-hydroxyl-hydrazine and 2-chloroethyl trialkoxysilanes (D'Auzac et al. 
1989; D'Auzac et al. 1997). Among them, CuSO4, 2,4-D, 2,4,5-T and NAA were 
the most commonly used stimulants, prior to the discovery of ethylene as an 
effective stimulant (D'Auzac et al. 1997). After extensive studies, it is suggested 
that almost all the stimulants and physical injuries that can increase latex yield could 
be attributed to their abilities of directly producing endogenous ethylene or 
producing ethylene from endogenous substrates in rubber trees (Buttery and 
Boatman 1967; Abraham et al. 1968; Krishnakumar and Jacob 2004). Therefore, 
ethylene stimulation is used as a routine technique in the worldwide rubber tree 
plantations to increase the latex yield and tapper productivity (Jetro and Simon 
2007). 
 
There are generally two ways to stimulate rubber trees with ethylene (Priyadarshan 
2011). One is the application of 2-chloroethane phosphonic acid (Ethrel, CEPA or 
Ethephon) on the scraped bark below the tapping cut, or on the regenerating bark 
right above the tapping cut, or on the groove of the tapping cut because Ethrel is a 
commercially used ethylene releaser in the plant metabolism environment. Another 
method is directly using the gaseous ethylene with the aid of an applicator. Both 
these methods are effective approaches to increase latex production, promote tapper 
productivity, and reduce latex production costs. However, deleterious effects such 
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as TPD prevalence have occurred in the worldwide rubber plantations because of 
our lack of adequate knowledge about the Ethrel stimulation mechanism and the 
overuse of ethylene stimulation (Jetro and Simon 2007; Zhu and Zhang 2009; 
Priyadarshan 2011). 
 
2.5  The mechanism of latex flow 
 
The rubber tree latex is the fluid cytoplasm exudation from the specialized 
concentric articulated laticifer network in the secondary phloem of H. brasiliensis 
(Figure 2.1) (D'Auzac et al. 1989). Once a mature rubber tree bark has been tapped, 
its laticifer vessels will be opened. The elastic contraction of phloem cell walls 
caused by the sudden release of turgor will initially trigger the expulsion of latex. 
After a while, capillary forces from the laticifers regulate the flow, and laticifer 
vessel occlusions eventually plug the severed laticifer vessels and stop the latex 
flow. The laticifers are then replenished and latex regenerated (D'Auzac et al. 1989).  
 
 
Figure 2.1.  Anatomy of rubber tree bark at the tapping cut of H. brasiliensis 
(D'Auzac et al. 1989) 
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The latex yield upon each tapping is primarily determined by two factors: 
 
(1) the latex flow (velocity and duration) which governs the quantity of latex 
exudation after tapping;  
(2) the latex regeneration which determines the exudation potential and quality 
(reconstitution) of the latex between each tappings. 
 
Even though rubber tree latex flow and regeneration abilities vary with planting 
materials, environment and tapping system (D'Auzac et al. 1989), they are both 
directly related to the reciprocal parameters of phloem latex water content (or 
conversely total solid content) and phloem turgor pressure. The latex flow after 
tapping is a kind of capillary flow. It obeys Poiseuille’s law (dq/dt=η·π·R4·∆P/8L; 
where dp/dt is the latex flow rate, η is the latex viscosity, R is the laticifer radius, 
∆P is the turgor pressure difference and L is the draining laticifer vessel length), 
although phloem turgor pressure, laticifer radius and draining vessel length are 
changing during the latex flow (D'Auzac et al. 1989). The η is a function of latex 
water content (Van Gils 1951; D'Auzac et al. 1989; Danwanichakul et al. 2012) 
while the phloem turgor pressure is directly related to ∆P. In addition, the 
translocation of sucrose, which is the substrate of rubbersynthesis, to the laticifer 
system is governed by the phloem turgor pressure gradients along rubber trees 
according to the mass flow theory (Knoblauch and Peters 2010). The better 
understanding of the relationship between phloem water exchange and phloem 
turgor pressure regulation is therefore of crucial importance to clarify the 
mechanism of Ethrel stimulated latex yield. 
 
2.6   Water availability and latex production 
 
2.6.1 Water is essential to rubber tree growth 
 
Rubber trees favour humid but well-drained tropical soil environments. Similar to 
other important economic crops, water is one of the major factors influencing the 
growth of rubber trees. The ideal precipitation for their growth is approximately 
2000 mm annually and distributed evenly throughout the year. It is estimated a 
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rubber tree can absorb and transpire 44 to 88 m3 water per year during its 
carbohydrate assimilation and mineral nutrients absorption (Ranasinghe and 
Milburn 1995). Low soil moisture and drought may result in severe xylem 
cavitation, stomata closure, photosynthesis inhibition (Ranasinghe and Milburn 
1995; Sangsing et al. 2004; Sangsing et al. 2004; Chen et al. 2010), and 
consequently, drastic reduction in growth or defoliation. For instance, 
Chandrashekar et al. (1998) found that the increase in girth of rubber trees 
significantly decreased in the dry season although some discrepancies existed 
between clones. Vijayakumar et al. (1998) reported that the long dry season in the 
North Konkan region of India resulted in heavy injury to leaves and shedding and 
the immaturity period of the trees was consequently extended from six years to ten 
years.  
 
2.6.2 Water is a determinant of rubber tree latex yield 
 
The importance of water to rubber trees is not only for the maintenance of normal 
transpiration and photosynthetic growth, but also for its latex yield. Water accounts 
for 60% -70% of latex content upon every tapping (Van Gils 1951; D'Auzac et al. 
1989) and is a component of latex and a determinant of latex fluidity. Assuming the 
latex contains the average of 65% water, a typical rubber tree with an annual yield 
from 6-12 kg will expel 8-16 kg water from latex production every year. Although 
the amount expelled from latex is negligible when compared to the transpiration, 
the influx of water to phloem has a considerable impact on rubber latex production 
due to its effects on the regeneration and flow of latex after tapping. 
 
Water is the major component of phloem fluids, allowing long distance trafficking 
of sugars, which are the precursors of latex biosynthesis. Therefore, sufficient water 
supply is a prerequisite of latex regeneration. In addition, the regeneration of latex 
involves not only the biosynthesis of rubber particles but also the lost subcellular 
components during tapping (D'Auzac et al. 1989). The lost subcellular components 
such as lutoids, Frey-Wyssling particles and other organelles all contain different 
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percentages of water (D'Auzac et al. 1989). The regeneration of all these subcellular 
components requires water. As a result, an inverse relationship between the latex 
regeneration rate and latex concentration was identified (Gooding 1952a). 
 
Water is also responsible for latex flow. Firstly, water availability for the laticifer 
vessels is directly linked to phloem turgor pressure that is an initial driving force of 
latex flow (Buttery and Boatman 1966; Paardekooper and Sookmark 1969). 
Secondly, water content is positively linked to latex viscosity that is a determinant 
of capillary flow rate (Van Gils 1951; D'Auzac et al. 1989). Thirdly, water is 
involved in the latex dilution reaction during the latex flow. The dilution reaction 
helps to fluidify latex by limiting the collapse of the severed laticifer vessels under 
the effect of turgor pressure from surrounding tissues. Fourthly, the latex efflux 
after tapping displays an initial pressure-driven surge and then falls quickly into a 
slower osmotically-driven flow. The rapid influx of water into laticifer vessels 
facilitates extension of latex drainage area.  The latex water content is therefore 
directly related to latex flow rate, flow duration and latex yield (D'Auzac et al. 
1989).  
 
As water is important to both latex regeneration and flow, any conditions, favouring 
water supply of a rubber tree, especially water movement into phloem, could 
contribute to the latex flow and production (Sreelatha 2003). Sailajadevi et al. (2000) 
found that cumulative rainfall markedly affects the rubber tree latex production and 
Rao et al. (1998) identified a positive relationship between the monthly latex yield 
and monthly rainfall. Sangsing et al. (2004) estimated that the seasonal drought 
could lower dry latex production by 30%. However, although it has been reported 
that a high latex water content is normally linked with a high rubber tree yield 
potential (Van Gils 1951; D'Auzac et al. 1989; Huang et al. 2010), and Ethrel 
stimulation could significantly dilute latex (D'Auzac et al. 1989; Tungngoen et al. 
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2009), the molecular mechanism of water influx toward laticifer cells was still 
unclear before the discovery of aquaporins in H. brasiliensis. 
 
2.6.3 Aquaporins are transmembrane water channels for plants 
 
Aquaporins are ubiquitous water channel proteins embedded in intracellular and 
plasma membranes regulating transmembrane water flow and small solutes 
(Kaldenhoff and Fischer 2006). Prior to their discovery, the transmembrane water 
movement into cells was explained for several decades only by simple diffusion 
(Hachez and Chaumont 2010). However, since it could not explain many 
phenomena of transmembrane water flow, such as the high velocity of water 
exchange, the remarkable variations between different cell types and the transient 
change of water permeability subjected to the stimulation of some reagents (Hachez 
and Chaumont 2010), the existence of hydrophilic pores within biological 
membranes was proposed (Stein and Danielli 1956). Peter Agre’s team (Agre et al. 
1987; Preston et al. 1992) for the first time identified and characterized the channel 
forming integral protein, CHIP28, an aquaporin from red blood cells, and proved 
that an aquaporin is a functional membrane water channel. This study has 
significantly advanced our knowledge in the relationship between genetic 
composition and transmembrane water flow (Gomes et al. 2009), leading to the 
award of his Nobel Chemistry Prize in October 2003. Subsequently, numerous 
aquaporins have been cloned and functionally studied in many plants, and it is 
confirmed that they play pivotal roles in plant transmembrane water transport 
(Kaldenhoff et al. 2008; Gomes et al. 2009) and whole plant water balance 
(Tyerman et al. 1999; Javot et al. 2003; Maurel et al. 2008; Lovisolo et al. 2010; 
Postaire et al. 2010; Sade et al. 2010; Chaumont and Tyerman 2014).  
 
Aquaporins belong to the super family of major intrinsic proteins (MIPs) which 
have an average molecular weight of 28 to 30 KDa (Gomes et al. 2009). According 
to their subcellular locations and sequence similarities, plant MIPs (commonly refer 
to as aquaporins) were previously subdivided into four subfamilies:  
 
(1) the plasma membrane intrinsic proteins (PIPs); 
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(2) the tonoplast intrinsic proteins (TIPs); 
(3) the nodulin26-like intrinsic proteins (NIPs); and  
(4) the small basic intrinsic proteins (SIPs).  
 
Recently, after the identification of three additional aquaporin subfamilies, i.e. the 
GlpF-like intrinsic proteins (GIPs), the hybrid intrinsic proteins (HIPs) and the 
uncategorized X intrinsic proteins (XIPs), from the primitive land plants of the moss 
Physcomitrella patens (Danielson and Johanson 2008), the XIP subfamily has also 
been identified from Populus trichocarpa (Gupta and Sankararamakrishnan 2009) 
and other higher plants (Danielson and Johanson 2008; Park et al. 2010). The 
aquaporins from higher plants are therefore generally divided into five subfamilies, 
i.e. PIPs, TIPs, NIPs, SIPs and XIPs. Although all these five aquaporin subfamilies 
are widely conserved in plants, their sequence and function demonstrate high 
divergence. Each subfamily of the aquaporins includes different numbers of 
subgroup. For example, the PIP subfamily comprises two subgroups and the TIP 
subfamily includes five different subgroups (Gomes et al. 2009; Hachez and 
Chaumont 2010; Park et al. 2010).  
 
The mechanism of aquaporins involved in water and solute transport has been 
depicted structurally. All aquaporins comprise 243 to 302 amino acids. The most 
specific feature is that they have six transmembrane domains (TM1-TM6) 
connected by three extracelluar (A, C and E) and two intracellular (B and D) loops 
(Figure 2.2) (Hachez et al. 2006; Gomes et al. 2009). The ctyoplasmically oriented 
N-terminus and C- terminus are located on the cytoplasmic side of the membrane 
and thus the structure of aquaporins can be divided into two similar halves (Hachez 
and Chaumont 2010). At the centre of the pore, two helical domains (HB and HE) 
containing highly conserved asparagines-proline-alanine (NPA ) motifs are located 
at loops B and E. The NPAs fold inwards and dip halfway into the membrane, 
forming the aqueous pores from opposite sides. The consensus sequences suggested 
for the first and second NPAs are SGXHXNPAVT and GXXXNPAR(S/D)XG, 
respectively. The pair of NPA motifs and the ar/R (aromatic/Arginine) selective 
filter are the most important characteristics of aquaporins (Hove and Bhave 2011). 
As serine amino acid residue (S), pH-sensitive histidine residue (H) and other 
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residues are presented in the structure loops, most aquaporins can be regulated 
factors such as phosphorylation, pH and etc (Chaumont et al. 2005; Hachez and 
Chaumont 2010). 
    
 
Figure 2.2.  Topology of an aquaporin structure and its key features. Six 
transmembane domains (TM1-TM6) connected by three extracellular (A, C and E) 
and two intracellular (B and D) loops with cytoplasmic N-terminus and C-terminus. 
The helical domains (HB and HE) containing highly conserved NPA motifs are 
located  at loop E and loop B which forms the auqeors pore from opposite sides. 
Quoted from (Hachez et al. 2006) 
 
Aquaporins usually form as tetramers with each monomer operating as a separate 
water channel. It was demonstrated that the pore in AQP1 could transport 3×109 
water molecules per monomer per second through the membrane (Murata et al. 
2000). Therefore, the tetrameteric assembly of aquaporins are efficient 
transmembrane water channels for plants. It is suggested that aquaporin-facilitated 
rapid and passive trans-membrane water exchange accounts for up to 95% of the 
water permeability of plant cell plasma membranes (Henzler and Steudle, 2004). 
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Their expressions and regulations are closely related to the plant water relationship 
(Tsuchihira et al. 2010).  
 
Since water accounts for 60 - 70% portion of latex, the influx of water to laticiferous 
vessels is crucial to latex production. This could be manifested by the positive 
correlations between latex production and water content (D'Auzac et al. 1989). It is 
believed that inadequate water influx from parenchymatous tissues to the laticifer 
cells is a limiting factor for latex flow during tapping (D'Auzac et al. 1989). 
However, the role of aquaporins in the water exchange of rubber tree laticifers and 
the latex production has not been studied prior to the discovery of HbPIP2;1, 
HbPIP1;1 and HbTIP1;1 (Tungngoen et al. 2009; 2011) . 
 
2.6.4 Aquaporins are involved in modulating water exchanges between liber 
and laticifer cells 
 
The uptake of water from soil to plant tissues can be divided into two directions, i.e. 
axial transport and transverse transport (Milburn 1979). The long-distance axial 
transport of water in plants is predominantly through an efficient xylem transport 
system where there is no significant membrane barrier and transport resistance 
(Maurel et al. 2008). The transverse circulation of water in plants, however, has 
three parallel paths (Steudle and Peterson 1998):  
 
(i) the apoplastic path within cell walls and intercellular spaces;  
(ii) symplastic route through the continuum of cytoplasm; and  
(iii) transcellular pass across cell membranes.  
 
As it is impossible to experimentally separate the last two pathways, the symplastic 
and trans-cellular pathways are often referred to as the cell-to-cell pathway. 
Although water can freely diffuse through apoplastic pathway outside the plasma 
membrane, it cannot eventually enter a plant cell which is isolated by the plasma 
membrane (Zhu and Steudle 1991; Steudle 1994). The entry of water into plant cells 
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must through the cell-to-cell path where aquaporins play crucial roles (Steudle and 
Peterson 1998; Martínez-Ballesta et al. 2009).  
 
Latex vessels (laticifers) are contained within the concentric rings of H. brasiliensis 
phloem (Priyadarshan 2011). Latex is the synthesised cytoplasm inside the laticifer 
vessel system. Although the conducting phloem sieve vessels in the non-laticifer 
phloem are well connected with parenchyma cells and transversal vascular ray cells 
via plasmodesmata, no functional plasmodesmata connection has been observed 
between mature latex vessel rings (de Faÿ et al. 1989). Therefore, the water 
circulation of laticifers, which is of major significance to latex flow and latex 
regeneration, relies largely on the trans-membrane water channel activity mediated 
by aquaporins (Tungngoen et al. 2009), particularly those from the PIP subfamily. 
 
A higher water influx underlies a higher latex dilution, higher latex flow fluidity 
and therefore, the protraction of latex flow duration, extension of drainage area, and 
increase of latex yield. The increase of latex yield by ethylene and other hormones 
could partially be attributed to the water influx induced latex dilution and latex flow 
prolongation (D'Auzac et al. 1989). Therefore, aquaporins that can condition 
phloem water exchange is probably implicated in the stimulation promoted latex 
yield. Tungngoen et al. (2009; 2011) have cloned three full-length cDNAs of 
aquaporins (HbPIP2;1, HbPIP1;1, HbTIP1;1) and confirmed their involvement in 
the hormone-induced latex dilution and yield promotion for an ethylene susceptible 
(the latex yield  responds positively to the ethylene stimulation ) clone PB217 
virginal (untapped) tree. Furthermore, four full-length aquaporin cDNAs have also 
been cloned from H. brasiliensis, i.e. HbPIP1, HbPIP2, HbPIP1;2, HbPIP2;2 
(Zhuang et al. 2010; Huang et al. 2011; Wang et al. 2014) and the expression profile 
of HbPIP1 subjected to Ethrel stimulation was investigated on the PR107 rubber 
clone (Wang et al. 2014). These results confirmed the importance of aquaporins in 
the rubber tree phloem water balance and latex production. However, the 
characterisation of aquaporins in rubber trees is still in its infancy with much to be 
uncovered.   
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2.6.5 The relationship between aquaporins and rubber tree latex production 
is extendable 
 
Plant aquaporins exhibit a remarkably large number of isoforms with multiple 
integrated functions (Gomes et al. 2009). Genome sequencing has resulted in 35 
aquaporins in Arabidopsis, 33 aquaporins in rice and 36 aquaporins in maize 
(Gomes et al. 2009). As the rubber tree genome (2.15GB, 68955 genes) (Rahman 
et al. 2013) is much bigger than the Arabidopsis (125MB, 25498 genes) (Initiative 
2000) and rice genomes (466MB, 55615 genes) (Yu et al. 2002), and has a  similar 
size to the maize genome (2.3GB, 32000 genes) (Schnable et al. 2009), more than 
seven aquaporins may be involved in the rubber tree water relationship regulation. 
 
In addition, although the ubiquitous aquaporins were firstly identified as selective 
water channels, it is currently demonstrated that they can act individually or interact 
with each other to facilitate the passage of glycerol, urea, lactic acid, arsenite, boron, 
silicon, ammonia, carbon dioxide, hydrogen peroxide and NH3 (Gomes et al. 2009; 
Hachez and Chaumont 2010; Park et al. 2010). Therefore, intensive studies show 
that aquaporins are multifunctional channels involved in numerous processes of 
plant physiology (Gomes et al. 2009). Besides their roles in plant water relations, 
aquaporins are linked with  plant stomatal movements, gas and nutrient uptake and 
translocation, cell elongation, cell osmoregulation, seed germination, reproduction, 
signal transduction and  abiotic stress responses (Luu and Maurel 2005; Gupta and 
Sankararamakrishnan 2009). They are also involved in the cell-to-cell 
communication in response to water, wounding, oxidative and chemical 
stimulations (Maurel 2007; Gomes et al. 2009) that are common in rubber tree 
tapping. Therefore, the relationship between aquaporins and rubber tree physiology 
is an important topic, requiring further investigation. 
 
In the rubber tree cultivation practice, successive tappings at a regular interval result 
in a progressive increase in rubber tree latex yield accompanied by a gradual 
decrease of latex total solid content (TSC, or conversely the water content) until it 
attains equilibrium after six to ten tappings (D'Auzac et al. 1997; Nair 2010; 
Priyadarshan 2011). The decrease in latex TSC with the first few tappings implies 
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that tapping influences the expression of aquaporins in the first few tappings but 
not subsequent tappings. This raises the question whether Ethrel stimulation of 
regularly tapped trees has similar affects to that which has been reported on virginal 
rubber trees for the aquaporin expressions reported by Tungngoen et al. (2009). 
After all, Ethrel stimulation is practically used only several years after a rubber tree 
has been tapped (Nair 2010; Priyadarshan 2011) . 
 
In addition, rubber tree clones respond differently to Ethrel stimulation (D'Auzac et 
al. 1997; Gohet et al. 2003; Priyadarshan 2011). For example, PR107 rubber clone, 
which has a high level of sucrose content and TSC in the latex, responds well to 
Ethrel stimulation  (Xu et al. 1990; Diarrassouba et al. 2012); whereas CATAS8-
79 displays a poor response to Ethrel stimulation (Gao et al. 2009). In addtion, the 
TSC of rubber tree latex is linked to yield potential (Van Gils 1951; D'Auzac et al. 
1989; Huang et al. 2010) and Ethrel stimulation response. Rubber clones with low 
TSC normally exhibit high rubber yield potential but limited response to Ethrel. For 
instance, the PB217 rubber clone is a relatively late maturing variety, which has a 
high TSC, short latex flow duration, and low latex metabolism. It responds very 
well to Ethrel stimulation characterized by significantly prolonged latex flow, 
enhanced latex yield, and activated latex metabolism (Tungngoen et al. 2009; 
Priyadarshan 2011). However, the PB235 and PB260 rubber clones, which are fast 
growing varieties have low TSC and long latex flow duration, do not respond much 
to Ethrel stimulation (Priyadarshan 2011). The latex TSC difference among clones 
is probably connected with aquaporin expression molecularly. However, clonal 
variation in aquaporin expression has not been reported.  
 
Last but not least, aquaporins are the most abundant proteins in tonoplasts 
(Maeshima 2001). The water permeability of the tonoplast is distinctly higher than 
that of the plasma membrane and thus allows for rapid osmotic adjustment of the 
cytoplasm, and maintains the osmolality and cell turgor of a plant (Shapiguzov 
2004). A high phloem turgor pressure reflects a high latex water content. Once 
Ethrel stimulation up-regulates the aquaporin expressions, water influx into phloem 
will be accelerated and the balance of 0 tsH   among the laticifer water 
potential (ΨH), latex osmotic potential (Ψs) and laticifer turgor pressure (Ψt) for the 
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in situ rubber trees will be broken leading to a change in latex osmotic potential or 
laticifer turgor pressure due to the regulation of sucrose transport and synthesis by 
Ethrel (Dusotoit-Coucaud et al. 2009; Dusotoit-Coucaud et al. 2010; Tang et al. 
2010; Xiao et al. 2014) . Laticifer turgor pressure and water exchange are crucial to 
rubber tree latex production (D'Auzac et al. 1989; Yeang 2007; Priyadarshan 2011). 
However, although Tungngoen et al. (2009; 2011) have suggested that the change 
of aquaporin expressions by Ethrel stimulation could probably favour the 
maintenance of phloem turgor pressure, the relationship between phloem turgor 
pressure and aquaporin expressions has not been directly studied. 
 
2.7 Laticifer turgor pressure and latex production 
 
Turgor pressure is the force exerted on elastic plant cell walls by the contents of the 
cell. It is caused by the presence of, in the cell cytoplasm, osmotica which sets a 
negative osmotic potential, allowing water to pass into the cell. Turgor pressure 
gives plant the rigidity, and keeps it erect. In the rubber tree, turgor pressure is also 
the initial driving force of latex exudation once a rubber tree is tapped (D'Auzac et 
al. 1989).  
 
2.7.1 Phloem turgor pressure is the initial driving force of latex flow  
 
Phloem turgor pressure triggers and governs the initial latex exudation and flow. 
During tapping, the laticifer vessels are breached and the turgor pressure of the 
laticiferous system at the cut is reduced to atmospheric pressure. Immediately, a 
turgor pressure difference of about 0.69 to 1.4 MPa between the nearby laticiferous 
vessels and the cut itself exists (Buttery and Boatman 1966, 1967). The sudden 
release of turgor pressure results in a laticifer wall contraction and the cytoplasm 
fluid, the latex, is expelled. Latex then flows out from the anastomosed laticifer 
system. Subsequently, dilution of the latex occurs which promotes latex flow by 
capillary action until the arrest of latex flow by the plugging of latex vessel 
extremities. It has been reported that the higher the turgor pressure before tapping, 
the higher the initial latex flow rate and as a result, the higher of latex yield 
(D'Auzac et al. 1989).   
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Moreover, the change in phloem turgor pressure following a tapping can explain 
the subsequent latex flow reduction and latex vessel plugging because it is a 
consequence of the phloem laticifer elastic release, the latex dilution reaction, and 
the gradual extension of the laticifer drainage area (D'Auzac et al. 1989). The 
recovery of phloem turgor pressure after the tapping is determined by the balance 
of fluid that is lost and gained. Immediately after the tapping, the loss of fluid from 
the latex outflow is too great to be compensated by water inflow; hence, the rapid 
drop in turgor pressure. After some time (normally 8-45min), the latex exudation 
from the tapping cut recedes rapidly due to the gradually plugging of the severed 
laticifer vessels. When the rate of water inflow into the latex vessels exceeds the 
rate of latex exudation from the tapping cut, phloem turgor pressure rises. As a 
consequence, Yeang (2005) suggested that the rubber tree latex following every 
tapping could be expressed as a function of laticifer turgor pressure and over time 
without the involvement of other parameters, such as, fluid dynamics, latex vessel 
contractions and latex dilution during exudation.  
 
2.7.2 Daily change of phloem turgor pressure is consistent with latex yield  
 
In rubber trees, over 98% of water consumption is released by transpiration 
(D'Auzac et al. 1989). Although water released by latex harvest only accounts for a 
tiny part of water consumption, it is of prime importance to latex yield. Variation 
of latex yield with tapping time is well documented and ascribed to the transpiration 
withdrawal of water from phloem to xylem (Paardekooper and Sookmark 1969; 
D'Auzac et al. 1989). However, it is also closely linked to the daily variation of 
phloem turgor pressure (Buttery and Boatman 1964, 1966) because phloem water 
status is reflected in the phloem turgor pressure (Sreelatha 2003). The phloem 
turgor pressure of untapped rubber tree ranges from 0.75 to 1.5 MPa in the early 
morning, representing the high pressure during a day. During daylight hours, the 
phloem turgor pressure falls gradually and reaches its lowest at 12:00 to 15:00, and 
then rises again and become constant between 21:00 and 8:00 (Figure 2.3) (Buttery 
and Boatman 1966). Accordingly, the latex yield, when harvested at different 
tapping times, changes concomitantly with the phloem turgor pressure (Figure 2.4). 
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Tapping between 20:00 and 7:00 harvests maximum latex yield, while the latex 
yield loss occurs progressively until 13:00 when tapping is performed after 7:00 
(Paardekooper and Sookmark 1969). The decrease of phloem turgor pressure, by 
the withdrawal of water from phloem to xylem in transpiration, results in the 
decrease of latex yield in the daytime. Tapping is therefore normally conducted in 
the early morning when the phloem turgor pressure is the highest. 
 
 
Time of day 
Figure 2.3.  Diurnal variation of phloem turgor pressure at two positions of H. 
brasiliensis (Buttery and Boatman 1966) 
 
2.7.3 The relationship between phloem turgor pressure and latex production 
requires further investigation 
 
The phloem turgor pressure reflects the water status of rubber tree bark (Sreelatha 
2003) and is one of determinants of rubber tree production (Yeang 2005). Therefore, 
it could be an indicator to optimise the rubber tree tapping system and assess clonal 
yield. However, variations of phloem turgor pressure with rubber tree clones, ages, 
yield potential and also the currently commonly used Ethrel stimulation have not 
been extensively studied. 
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Buttery and Boatman (1966) showed that there was no relationship between phloem 
turgor pressure and tree girth of mature rubber trees. However, the latex yield is 
limited in the first several years after planting and increases with age and girth for 
almost all rubber clones (Gonçalves et al. 2005; Karunaratne et al. 2005; 
Obouayeba et al. 2012). Whether this yield variation is a result of phloem turgor 
pressure change with the tree age and girth requires experimental proof.  
 
 
Figure 2.4.  Influence of tapping time on the daily latex yield loss (Paardekooper 
and Sookmark 1969) 
 
Buttery and Boatman (1966) reported that the RRIM501 and PB86 rubber clones 
had a significant difference in phloem turgor pressure. It is therefore presumed that 
the phloem turgor pressures are characteristically varied among different Hevea 
clones. Interestingly, regarding the clonal variation of phloem turgor pressures and 
its relationship with the rubber tree yield potentials, no further detailed investigation 
has been performed to date.  
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Moreover, although Ethrel is an effective stimulant and has been widely used to 
promote productivity and latex yield, its effect on phloem turgor pressure is still 
ambiguous. The result that can be referred to is the 2, 4, 5-T (2,4,5-
trichlorophenoxyacetic acid, one kind of synthetic auxin) treatment, which was 
previously used as an effective yield stimulant. Blackman (1961) insisted that the 
latex vessel turgor pressure would be promoted, since 2,4,5-T stimulation was 
shown to decrease the latex osmotic potential. Nevertheless, this was discounted by 
Buttery and Boatman (1967) as they found that no distinct initial turgor pressure 
differences between 2,4,5-T stimulated and un-stimulated trees were found from 
the direct measurements. It is well documented that Ethrel stimulation can dilute 
latex and therefore increase latex yield by prolonging the latex flow (Frey-Wyssling 
1932; Riches and Gooding 1952; Gooding 1952b; Buttery and Boatman 1976; 
D'Auzac et al. 1989). Nevertheless, the effect of latex dilution on phloem turgor 
pressure and the change of phloem turgor pressure prior to and after tapping has not 
been clearly shown with a lack of reliable and continuous measurements of real-
time turgor pressure prior to, and following, the tapping at a single puncture. 
 
2.7.4 Methods for measuring phloem turgor pressure in Hevea  
 
There are few reliable and accurate methods for measuring phloem turgor pressure 
in woody plants, of which H. brasiliensis is one. Buttery and Boatman (1966) 
improved Bourdea and Schomeyer’s glass capillary manometer used on slash pine 
oleoresin pressure measurement (Bourdeau and Schopmeyer 1958). For the first 
time the variations of H. brasiliensis phloem hydrostatic pressure following season, 
tapping, wounding and 2,4,5-T application were directly examined (Buttery and 
Boatman 1966). The air bubble manometers (Figure 2.5) are inexpensive and easy 
to produce. However, they are labour-intensive to install and can only be used once. 
More importantly, the measurement by this technique is not very reliable, for the 
system has insufficient air-tightness and only the maximum pressure can be 
recorded. An improvement was made by Milburn and Ranasinghe (1996) by 
replacing the needle tip of Buttery and Boatman air bubble manometer with a 
disposable plastic pipette tip, which, improved the air-tightness around the insertion 
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point because of its cone shape (Figure 2.6). Similar to the measurement procedure 
of air bubble manometer, turgor pressure of the laticiferous system could be 
determined by the position of the air bubble in the capillary before and after latex 
exudation. The major drawback with the improved method was that using an air 
bubble decreased the accuracy of measurement which can only measure the 
maximum turgor pressure in a specific position. More recently, Yeang (2005) 
redesigned the air bubble manometer and used a glass haematocrit tube with a 
hypodermic needle (Figure 2.7). While this made the construction of the air bubble 
manometer easier, the disadvantages of such systems outweighed the benefits. An 
alternative design and operation came with the high-pressure pump manometer of 
Milburn and Ranasinghe (1996) (Figure 2.8), which addressed the accuracy and 
repeatability of turgor pressure measurement. However, the latex meniscus left a 
deposit in the transparent tube that made any new meniscus hard to observe. In 
addition, the method required two operators and the attainment of the final, stable 
reading was very slow which made the method time consuming. Therefore, it has 
eventually failed to measure the real time variation of phloem turgor pressure. 
 
Methods used to measure the phloem turgor pressure of other plants, e.g. on red oak 
(Quercus rubrum) by Hammel et al. (1968), squirting cucumber (Ecballium 
elaterium) by Sheikholeslam and Currier (1977), white ash (Fraxinus americana) 
by Sovonick-Dunford (1981a) and Lee (1981), are essentially the same as the 
capillary manometer method in H. brasiliensis, with an exception the aphid stylet 
technique used by Wright and Fisher (1980) which was used to measure the turgor 
pressure of individual sieve tubes of Salix babylonica.  
 
The aphid stylet technique is a best-established advanced technique enabling the 
measurement of turgor pressure of a single sieve vessel at sink phloem. However, 
it is not suitable for measuring the turgor pressure at sink tissues, especially for tree 
species with hard barks, because aphids usually do not feed on sink tissues 
(Knoblauch and Peters 2010). 
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Figure 2.5. Air bubble gauge used for Hevea phloem turgor pressure 
measurement (Milburn and Ranasinghe 1996) 
 
 
Figure 2.6. Plastic pipette designed air bubble manometer for Hevea phloem 
turgor pressure measurement (Milburn and Ranasinghe 1996) 
 
 
Figure 2.7. Haematocrit tube manometer designed for Hevea phloem turgor 
pressure measurement (Yeang 2005)   
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Figure 2.8. Portable high-pressure pump manometer used in Hevea turgor 
pressure measurement (Milburn and Ranasinghe 1996) 
 
These drawbacks could be overcome with the application of a state of the art cell 
pressure probe (Figure 2.9), which is filled with silicon oil and incorporates a 
pressure sensor and a data logger to monitor and record the real time variation of 
whole root and cell pressure (Tomos and Leigh 1999). However, due to the bark 
being much harder than the plant cell wall and the laticifer latex being copious and 
viscous in rubber trees, some modifications are required. If this technique was 
established, the kinetic of latex flow and the mechanism of Ethrel stimulation could 
be better understood.  
 
 
Figure 2.9.  The diagram of up-dated cell pressure probe (Taiz and Zeiger 2010) 
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2.8 Mechanism of stimulation of latex by Ethrel 
  
The mechanism of stimulants increasing latex yield was first proposed by De Jone 
(1955) and well reviewed by D'Auzac et al. (1989) and Zhu and Zhang (2009). De 
Jone (1955) suggested that 2,4-D and 2,4,5-T could increase the number of latex 
vessels and the width of bark, and consequently could promote the latex yield. 
Latter, Blackman (1961) advised that stimulations could improve latex stability, 
decrease latex osmotic potential, and enhance cell wall plasticity. These changes in 
latex physiologies by stimulations can consequently increase the laticifer turgor 
pressure, slow down the laticifer vessel plugging, and prolong the latex flow 
duration. After that, numerous efforts were made to uncover the underlying 
mechanism of ethylene enhanced latex production. However, the exactly 
mechanism of ethylene stimulation is still not fully understood.  
 
Ethylene stimulation may be accounted for by enhanced the regeneration of latex. 
Upon applying ethylene, the syntheses of proton-pumping ATPase, mitochondrial 
enzymes and other proteins are firstly activated (D'Auzac et al. 1989). Then, an 
alkalinisation of cytosol and acidification of the lutoid serum accelerates the 
transport of sucrose from the neighbouring phloem to laticifers (D'Auzac et al. 
1989). The increased availability of sucrose and relative enzymes allows for the 
promotion of mevalonate production, latex metabolism and, ultimately, rubber 
production (D'Auzac et al. 1989). This mechanism was recently proven by 
Dusotoit-Coucaud et al. (2009; 2010), and Tang et al. (2010) by molecular 
measurement which showed that sucrose transporters were up-regulated upon 
Ethrel application. However, as direct actions of ethylene on the initial changes of 
enzymes are lacking, it is still challenging to identify the prime effect of the 
ethylene. For instance, it is reported that the increase in production, rise in latex pH, 
decrease in sucrose synthase, and increase in sucrose utilization and ployribosome 
level all happened at almost the same time after the latency period (6 to 8 h after 
ethylene application) (D'Auzac et al. 1989). 
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Although the sucrose translocation is accelerated and some enzymes related to latex 
metabolism are increased upon ethylene application, the expressions and activities 
of key enzymes in rubber biosynthesis pathway are not markedly affected by 
Ethylene. These key enzymes include 3-hydroxy-3-methylglutaryl-coenzyme A 
reductase (Wititsuwannakul 1986), farnesyl diphosphate synthase (Adiwilaga and 
Kush 1996), rubber transferase (Luo et al. 2009), rubber elongation factor and small 
rubber particle protein (Sookmark et al. 2002). It is therefore believed that the main 
effect of ethylene stimulation on latex yield promotion is resulted from its effects 
on latex flow (D'Auzac et al. 1989; Zhu and Zhang 2009).   
 
The latex flow includes latex flow rate and latex flow duration. The enhancement 
of rubber latex flow by stimulation could be ascribed to its water-related impacts 
on laticifer turgor pressure, latex viscosity, laticifer plugging and latex stability 
(Buttery and Boatman 1967; D'Auzac et al. 1989): 
(1) it improves plasmalemma permeability of laticifer cells and thus 
enhances water and solution influx into laticifer vessels; 
(2) it increases the laticifer cell wall elasticity and hence reduces the laticifer 
vessel collapse; 
(3) it changes the turgor pressure in the laticifer system; 
(4) it decreases the dry rubber content and reduces the latex viscosity; 
(5) it delays laticifer plugging and prolongs latex flow duration; 
(6) it can progressively extend the latex drainage area in the tapping panel. 
 
However, the underlying mechanism is still not clear (Zhuang et al. 2010; 
Priyadarshan 2011). For example, although latex in most time is diluted upon 
ethylene application, there is little information about the mechanism of water influx 
to laticifer system. Moreover, the effects of hormone stimulation on latex viscosity 
are controversial due to rubber clones responding differently to stimulants (Van 
Gils 1951; De Jonge 1955; Botaman 1966). Blackman (1961) maintained that the 
latex vessel turgor pressure would be promoted as hormone stimulations could 
decrease latex osmotic potential; nevertheless no distinct initial turgor pressure 
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difference between stimulated and un-stimulated trees was identified from the 
direct measurement of turgor pressure by Buttery and Boatman (Buttery and 
Boatman 1967). Even for the long-term stimulated trees, the laticifer turgor pressure 
is decreased (Buttery and Boatman 1967; Pakianathan et al. 1982).  
 
It should be noted that there is a balance of 0 tsH   in the well-
equilibrated trees. An alteration in latex water content could result in a change of 
osmoticum content and therefore a change of phloem turgor pressure. Consequently, 
Tungngoen et al. (2009, 2011) inferred that the enhancement of water circulation 
between severed laticifers and neighbouring tissues by aquaporins could favour the 
maintenance of phloem turgor pressure. However, in term of the relationship 
between aquaporin expression, latex water content and phloem turgor pressure, 
there is no direct measurement due to the lack of a reliable real-time measurement 
method for the laticifer turgor pressure.  
 
2.9 Summary 
 
This literature review outlines some background knowledge about latex flow 
mechanism. The importance of phloem water availability and phloem turgor 
pressure on latex yield was briefly described. Specific information on aquaporins 
that are efficient yet strictly selective transmembrane water channels in plants and 
techniques for measuring rubber tree phloem turgor pressures, which is essential to 
latex flow, was also provided.  
 
In reviewing the mechanism of ethylene stimulation, it is concluded that the 
stimulation of latex yield by ethylene mainly results from its effect on latex flow. 
Since latex water content and laticifer turgor pressure play important roles in the 
latex flow, and they are linked with aquaporin expressions, the available results for 
the effects of ethylene on the rubber tree phloem water relationship, aquaporin 
expression and laticifer turgor pressure were summarised. 
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It is expected that the fundamental information outlined and the existing results 
reviewed in the chapter will provide a background for the studies performed in the 
following chapters.  
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CHAPTER 3:   THE INVOLVEMENT OF HBPIP2;3 
AQUAPORIN IN THE TAPPING AND ETHREL 
INDUCED LATEX DILUTION AND YIELD 
PROMOTION 
 
3.1 Introduction 
Aquaporins are ubiquitous water channel proteins embedded in intracellular and 
plasma membranes regulating transmembrane water flow (Kaldenhoff and Fischer 
2006). They belong to the subfamily of major intrinsic proteins (MIP) which have 
an average molecular weight of 28 to 30 KDa (Gomes et al. 2009). According to 
the subcellular location and sequence similarity, the higher plant aquaporins are 
believed to have five subfamilies:  
 
(1) the plasma membrane intrinsic proteins (PIPs),  
(2) the tonoplast intrinsic proteins (TIPs); 
(3) the nodulin26-like intrinsic proteins (NIPs); 
(4) the small basic intrinsic proteins (SIPs); and  
(5) the uncategorized X intrinsic proteins (XIPs) (Danielson and Johanson 
2008; Hachez and Chaumont 2010).  
 
Although aquaporins were firstly identified as selective water channels, it has been 
demonstrated that they could also facilitate the permeability of some neutral 
molecules (for example, glycerol, and urea), gases (such as carbon dioxide), 
ammonia, hydrogen peroxide, metalloids, silicon, boron, arsenite and antimony. 
Aquaporins can now, therefore, be considered as multifunctional channels involved 
in variable plant physiological processes (Maurel 2007; Gomes et al. 2009).   
 
Natural rubber, an indispensable industrial raw material for producing high 
performance rubber products, is harvested through tapping the perennial tropical 
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rubber tree (Hevea brasiliensis) latex (Nair 2010). The latex represents the 
cytoplasmic content of laticifers which are organised as concentric mantels inside 
the secondary phloem of the tree trunk, and water accounts for 60% - 70% of latex 
content upon every tapping (Van Gils 1951; D'Auzac et al. 1989). Sufficient water 
supply is essential to both latex flow and latex regeneration (Gooding 1952a). Any 
condition favouring water supply of a rubber tree, especially water movement into 
phloem, could contribute to the latex flow and production (Sreelatha 2003). 
Nevertheless, latex vessels (laticifers) are contained within the concentric rings of 
the H. brasiliensis phloem. The mature laticifer vessel rings are devoid of functional 
plasmodesmata connections (de Faÿ et al. 1989). The water circulation of laticifers, 
which is of major significance to latex flow and latex regeneration, relies largely on 
the trans-membrane water channel activity mediated by aquaporins (Tungngoen et 
al. 2009), particularly the plasma membrane intrinsic proteins (PIPs). However, 
although it has been reported that a high latex water content is normally linked to a 
high rubber tree yield potential (Van Gils 1951; D'Auzac et al. 1989; Huang et al. 
2010) and Ethrel stimulation could significantly dilute latex (D'Auzac et al. 1989; 
Tungngoen et al. 2009), the molecular mechanism of water influx toward laticifer 
cells and the reason of latex dilution subjected to stimulation and tapping was 
unclear before the finding of aquaporins in H. brasiliensis. 
 
Tungngoen et al. (2009; 2011) have cloned three full-length cDNAs of aquaporins 
(HbPIP2;1, , HbPIP1;1, HbTIP1;1) and confirmed their involvement in the 
hormone induced latex dilution and yield promotion for an ethylene susceptible (the 
latex yield  responds well to the ethylene stimulation ) clone PB217 virginal 
(untapped) tree. Furthermore, four full length aquaporin cDNAs have also been 
cloned from H. brasiliensis, i.e. HbPIP1, HbPIP2, HbPIP1;2, HbPIP2;2 (Zhuang 
et al. 2010; Huang et al. 2011; Wang et al. 2014) and the expression profile of 
HbPIP1 subjected to Ethrel stimulation has been investigated on the PR107 rubber 
clone (Wang et al. 2014). These results confirmed the importance of aquaporins in 
the rubber tree phloem water balance and latex production. However, the 
characterisation of aquaporins in rubber trees is still in its infancy with much to be 
uncovered.  
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Firstly, it has been discovered that in other species, plant aquaporins exhibit a 
remarkable multiplicity of isoforms. For example, 35 aquaporins have been 
identified in Arabidopsis, 36 in maize and 33 in rice (Maurel et al. 2008; Gomes et 
al. 2009). Across the multiple isoforms of aquaporin a variety of both independent 
and integrated functions have been demonstrated (Maurel 2007; Gomes et al. 2009). 
Therefore, more aquaporins could be identified from H. brasiliensis and their 
involvements in rubber tree water relationship and abiotic resistance need to be 
further studied. In addition, the latex yield and latex water content increases with 
tapping sequence in the first few tappings of a H. brasiliensis (D'Auzac et al. 1997; 
Nair 2010; Priyadarshan 2011), which implies that tapping could influence the 
expression of aquaporins. These previously reported results were based on the 
PB217 virginal rubber tree (Tungngoen et al. 2009; 2011). Whether the effect of 
Ethrel stimulation on the expression of aquaporins of the virginal rubber trees also 
applies to regularly tapped trees requires further investigation because Ethrel 
stimulation is generally used only after a rubber tree has been tapped for several 
years (Nair 2010; Priyadarshan 2011). Another factor that needs to be considered 
is that rubber clones respond differently to Ethrel stimulation (D'Auzac et al. 1997; 
Gohet et al. 2003; Priyadarshan 2011). Whether the expression pattern of 
aquaporins linked to the clonal yield potential and the response to Ethrel stimulation 
requires further investigation.  
 
To identify the most important PIP aquaporin in the water exchange of laticifers, 
the sequenced latex transcriptome and draft H. brasiliensis genome was annotated, 
a highly expressed and Ethrel regulated aquaporin deduced to play important roles 
in laticifer water exchange was identified and named HbPIP2;3. Its full-length 
cDNA was cloned, function was characterized, and expression changes subjected 
to tapping, wounding and Ethrel application were investigated. Meanwhile, its 
transcript kinetics following Ethrel stimulation was compared on two rubber clones 
responded differently to the ethrel stimulation. It is proposed that this gene plays a 
pivotal role in the laticifer water balance, as it is associated with Ethrel induced 
latex dilution and yield promotion. 
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3.2 Plant materials and treatments 
 
3.2.1  Plant materials 
 
The rubber trees (H. brasiliensis) were cultivated at the experimental farm of the 
Chinese Academy of Tropical Agricultural Sciences (Danzhou, Hainan, China). 
Clones of PR107, CATAS8-79 and CATAS7-33-97 were used as the plant 
materials according to their responses to Ethrel stimulation and plant material 
accessibilities. PR107 and CATAS8-79 clones were selected to study the HbPIP2;3 
expression kinetics subjected to Ethrel stimulation as they respond to Ethrel 
treatment differently. All trees were budded rubber trees planted in 2002. These 
trees had been regularly tapped for 3 years under the tapping system of s/2 d3 
(tapping every 3 days with half spiral) without any previous stimulation.  
 
CATAS7-33-97 rubber clone was used for the experiments related to virginal 
(untapped) trees due to the unavailability of the PR107 and CATAS 8-79 clones. 
To study the effects of tapping and wounding on the expression of HbPIP2;3, 8-
year-old virginal CATAS7-33-97 rubber trees were selected on their girth and 
growth performance similarity. They were opened to tap under the tapping system 
of s/2 d3. To investigate the tissue specific expression of HbPIP2;3, ten tissues, i.e. 
bark, latex, root, bud, leaflets (bronze, mature and senescent) and petiole (bronze, 
mature and senescent), were collected from the eight-month-old tissue cultured 
polybag saplings produced from the secondary somatic embryogenesis of 
CATAS7-3-97 rubber clones (Hua et al. 2010). 
 
3.2.2  Ethrel treatment and sampling 
 
The kinetics of the Ethrel effect on latex parameters and aquaporin expressions 
were studied using a methodology similar to that described by Tungngoen et al. 
(2009). A total of 18 regularly tapped but not Ethrel stimulated trees were selected 
based on their similarity in girth, latex yield and dry rubber content. These trees 
were then divided into six groups of 3 trees. One group was set up as the control 
CHAPTER 3 
  
40 
 
(without Ethrel stimulation) and the other five groups were subjected to Ethrel 
treatments of various durations. The control group was subjected to 1g of carboxyl 
methyl cellulose (CMC, 1%) with a brush above the tapping cut 24h before the 
tapping, while the five treatment groups were treated with 1g of 2.5 % (w/w) Ethrel 
in 1% CMC in the same way as the control at a designated time (3h, 6h, 12h, 24h, 
40h) before the tapping.  
 
The tapping of all tress was conducted at 6:30 am on the same day. The tapping 
cuts were firstly cleaned carefully with tissues and the tapping knife was sterilized 
with 95% ethanol. The trees were then tapped and the bark slices collected as a bark 
pool and immediately frozen in liquid nitrogen. Meanwhile, after discarding the 
first 5 drops of lattices, latex within the first 45 min was dropped into the liquid 
nitrogen as the latex samples. The bark and latex samples were then quickly 
transported to laboratory and stored at -70 Ԩ until total RNA isolations were 
conducted. 
 
3.2.3 Tapping, wounding and Ethrel treatment on virgin trees 
 
The effects of tapping, wounding, and Ethrel stimulations on HbPIP2;3 expressions 
were examined on CATAS7-33-97 rubber trees similar to what Tang et al. (2010) 
have done. Briefly, 18 mature virginal trees were chosen for their similar girth (50.4 
± 0.9 cm) and were divided into 3 groups. Each group was subjected to 1g of 1% 
CMC (control, CK), 1 g of 2.5% Ethrel in 1% CMC (ET) for Ethrel stimulion, or 
nine stainless steel drawing pins stuck into the bark at 3 cm intervals (DP) for 
wounding, respectively. The treatments were performed 24 h before the first 
tapping, just above the planned tapping cut. All trees were tapped in a pattern of s/2 
d3 in the early morning on the same days. Latex and bark samples were collected 6 
tappings after the treatments. 
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3.3 Methods 
3.3.1  Latex yield and total solid content (TSC) 
 
Latex yield was determined by measuring the volume of harvested latex after 
exudation ceased. After latex yield was determined, the latex from each tree was 
thoroughly mixed and 2 mL of the fresh latex sample was transferred into a pre-
weighed glass bottle. The bottle and latex was then weighed and the latex dried at 
75 Ԩ in a ventilated oven for at least 48 h to determine the content of dry matters. 
The TSC was calculated as the ratio of dry and fresh matters expressed in 
percentage (Tungngoen et al. 2009). 
 
3.3.2  RNA isolation and cDNA synthesis 
 
Latex, bark and tissue samples were collected from a pool of three trees per 
treatment. The total RNAs of latex, bark and other tissue samples were extracted 
with a phenol/chloroform/isoamyl alcohol extraction procedure and precipitated 
with LiCl2 as described in Tang et al. (2010). The RNA integrity was verified with 
agarose gel electrophoresis, and purity and concentration were checked with a 
spectrophotometer (DU-70, Beckman, USA) at 230, 260 and 280 nm. The qualified 
RNA samples were treated with DNase I (Takara, Dalian, China) to eliminate the 
contaminated genomic DNA, and then the template cDNAs were synthesized by 
reverse transcribing the isolated RNAs with PrimeScript RT reagent kit (Takara, 
Dalian, China) according to the manufacturer’s protocol. The synthesised cDNAs 
were stored at -20 Ԩ until needed. 
 
3.3.3  The identification of whole aquaporin family 
 
To search for aquaporins from H. brasiliensis, the latex transcriptome was 
sequenced to an unprecedented depth of 7.2 gigabase pair using Illumina HiSeqTM 
2000 (Illumina Inc., San Diego, CA, USA) at Beijing Genomics Institute (BGI, 
Shenzhen, China) as described previously (Li et al. 2012). After removing the 
adaptor reads, adaptor-only reads, low quality reads (reads containing more than 
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50% bases with Q-value≤5) and ambiguous sequences (reads with “N” rate larger 
than 10%), the clean data were assembled using SOAP de novo program (version 
1.04, http://soap.genomics.org.cn) (Li et al. 2010) and yielded a total of 54,495 
unigenes longer than 200 bp. Subsequently, this transcriptome dataset and other 
ESTs from rubber tree shoot (Triwitayakorn et al. 2011), bark (Li et al. 2012), leaf 
and laticifer (Xia et al. 2011; Chow et al. 2012) were searched by BLAST (Altschul 
et al. 1997) using the previously known aquaporins genes from H. brasiliensis, 
Arabidopsis thaliana and Populus trichocarpa  as queries. Later, after the draft 
genome of RRIM600 rubber tree (Rahman et al. 2013) was available, the searching 
was complemented and confirmed to represent the entire aquaporin family of H. 
brasiliensis. 
 
The identified H. brasiliensis aquaporins were utilised to analyse their phylogenetic 
and evolutionary history using the CLUSTAL X version2.0 
(http://www.clustal.org/clustal2/#Download) (Larkin et al. 2007) and Mega version 
6 (http://www.megasoftware.net/) (Tamura et al. 2013) software. The analysis was 
performed using the neighbour-joining method and the resample bootstrap was set 
to 1000. The model pant A. thaliana and model tree plant P. trichocarpa were used 
as model organisms. Their aquaporin family sequences were all downloaded from 
the MIPModDB database (http://bioinfo.iitk.ac.in/MIPModDB/) where nearly the 
entire MIPs are deposited from the available organism genomes at NCBI (Gupta et 
al. 2012).  
 
3.3.4  Aquaporin expression analysis based on Solexa sequencing 
 
To identify the plasma membrane intrinsic protein (PIP) transcripts expressed in 
laticifers and determine the most important one in laticifer water balance, the 
unigenes annotated as PIP aquaporins were used as queries to search for assembled 
latex transcriptome using BLAST. The transcribed region of each PIP gene was 
defined with reads. If more than one unigenes were located in a single locus, the 
full-length genes corrected with reads were used for further analysis. The trimmed 
reads were then mapped to the unigenes using Bowtie2 (Langmead and Salzberg 
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2012), and the RPKM (Reads per kb per million reads) method was used for 
expression annotation (Mortazavi et al. 2008). The formula is shown below: 
RPKM=
109C
NL
 
where RPKM (A) is set to be the expression of a certain unigene A, C is the number 
of reads that uniquely aligned to unigene A, N is total number of reads that uniquely 
aligned to all unigenes, and L is the number of bases on unigene A. 
 
3.3.5  HbPIP2;3 gene cloning and aquaporin functional anlysis 
 
Based on the Solexa expression analysis, a highly abundant and Ethrel induced 
transcript, which showed no similarity to any published rubber tree aquaporin gene, 
was identified. The coding region of the full-length cDNA was therefore cloned and 
confirmed according to the in silico identified full-length cDNA. The primer pair 
used was: 5ˊ- GTACAGATCTATGGTGAAGGACGTGACAGAAC-3ˊ (forward)  
and 5ˊ- GTACAGATCTTTAAACAGTTGGGTTGCTCCTG -3ˊ (reverse), where 
underlined nucleotides specify the BglII restriction site. The gene was nominated 
as HbPIP2;3. 
 
The water transport functions of latex dominant PIP genes were characterized in 
Xenopus laevis oocytes (Tungngoen et al. 2009).  The ORFs of the target aquaporin 
genes and a previously validated functional aquaporin gene (HbPIP2;1) were 
subcloned into the blunt-ended BglII site of the pXβG-ev1 expression vector (a gift 
from Dr. Tomoaki Horie). After confirming the insertions via both colony PCR and 
sequencing, the constructed plasmids were linearized with BamHI restriction 
enzyme. Then, the cRNAs with cap analog [m7G(5′)ppp(5′)G] were synthesized in 
vitro using an mMESSAGE mMACHINE T3 High Yield Capped RNA 
Transcription Kit (Ambion, USA).  
 
X. laevis oocytes were prepared, defolliculated, and stored in Barth’s solution 
(Katsuhara et al. 2002). To measure the water permeability coefficient (Pf), 50 nL 
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cRNA solutions each containing 50ng of HbPIP2;3, HbPIP2;7 and 
HbPIP2;1(positive control) capped RNA or 50nL of RNAse-free water (negative 
control) were firstly injected into the stage V and VI oocytes using a Pneumatic 
PicoPump (PV820, World Precision Instruments, USA). Subsequently, the injected 
oocytes were incubated at 20Ԩ in modified Barth’s solution (MBS; containing 
NaCl 88 mM, KCl 1 mM, CaCl2  0.41 mM, Ca(NO3)2 0.33 mM, MgSO4  0.83 mM, 
NaHCO3 2.4 mM, HEPES 10 mM, Penicillin 10 ug/mL, streptomycin 10 ug/mL, 
pH 7.4) for 24 hours. The healthy oocyte individuals were then transferred from 
MBS (200 mOsm; Osmolin) to the 1/5 MBS (40 mOsm Osmolout) for water channel 
activity (swelling) measurement. Oocyte diameter changes were recorded with an 
inverted microscope system (SZX16, Olympus, Japan) and images were analysed 
with ImageJ software (http://imagej.nih.gov/ij/index.html). Pf was determined 
using the equation (Tungngoen et al. 2009): 
Pf=
V0
S×Vw×(Osmolin-Osmolout)
݀ሺܸ଴ܸሻ
݀ݐ 	 
 
where V0 is the initial oocyte volume, S is the initial cell surface area, Vw is the molar 
volume of water (18 cm3·mol-1), and osmolin and osmolout are the internal and 
external osmolarities, respectively.  
 
For the HgCl2 inhibition lines, the oocytes were incubated in the MBS containing 
0.3 mM HgCl2 for 10 min before water permeability was measured. The swelling 
experiments were carried out from two independent experiments with each assayed 
on a minimum of 10 oocytes.  
 
3.3.6 Quantitative real-time PCR 
 
Real time quantitative PCR was performed by using the HbYLS8 gene as the 
housekeeping gene since it has been reported to be one of the most stably expressed 
reference genes in response to tapping, hormone treatment and other experimental 
conditions (Li et al. 2011). The gene specific primers for the corresponding genes 
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were outlined in Table 3.1. A SYBR-green Mix (Takara, Dalian, China) fluorescent 
dye and a 96 pore Real-time Thermal Cycler (Type 5100, Thermal Fisher Scientific 
Oy, Finland) were utilised for qRT-PCR reaction. The reaction program was 
optimized previously as: 30 s at 95Ԩ for denaturation, followed by 40 cycles of 5 s 
at 95 Ԩ, 30 s at 60Ԩ for amplification and then 30 s at 60 Ԩ for  extension. Each 
10 μL reaction mix contained 1μL template, 5 μL 5×SYBR Premix, 0.3 μL (0.15μL 
each) primers and 3.7μL RNase-water. All primer pairs were confirmed to be high 
in efficiency and specificity based on their melting curve analysis and agarose gel 
electrophoresis. The amplification efficiency for each primer pair was estimated to 
be 0.99 and 1.01 and the amplified fragments were confirmed to be identical. All 
qRT-PCR assays were performed in triplicate. The relative abundance of 
aquaporins transcripts was estimated as 2∆∆t by PikoReal2.0 software unless 
otherwise specified. 
 
Table 3.1. Gene specific primers used for quantitative RT-PCR assay of 
aquaporin expressions 
Gene Primer sequence 
YLS8 
Forward: 5’- GGGCTCTCAAGGACAAGCAA-3’ 
Reverse: 5’-GGAGCAATAACCAAACCACGA-3’ 
HbPIP1 (HbPIP1;4) 
Forward: 5’- ATCAACCCAGCAGTGACCTTT -3’ 
Reverse: 5’- AACCTTTTACCACCCCAGCA -3’ 
HbPIP2 (HbPIP2;7) 
Forward: 5’- CATATTAACCCGGCGGTCAG-3’ 
Reverse: 5’-CACCAACCCAACACCACAAA-3’ 
HbPIP2;1 
Forward: 5'-TGCCGCAATTGCTGCATTCT-3' 
Reverse: 5'-AAAACCATGAACCCAAGCAC-3' 
HbPIP2;3 
Forward: 5'-CGTTGGATTGGGTGCCGAGAT-3' 
Reverse: 5'-CCAGGGCTTGTCCTGATTGTA-3' 
 
3.3.7 Western-blotting 
 
The peptide of YKSQTDPAKNADSC specific to the deduced amino acid sequence 
of HbPIP2;3 was synthesized and the antiserum was produced by immunizing 
rabbits with the synthesized peptide by GeneScript (Nanjing, China). 
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The total proteins of latex and bark were extracted with trichloroacetic acid-acetone 
precipitation method (Yuan et al. 2009; Xu et al. 2010) and Western blotting was 
then performed following the protocol described by Peng et al (2011). Briefly, 
50	μg protein samples were separated by SDS-PAGE (12%, w/v polyacrylamide 
gels), and then either stained with Coomassie Brilliant Blue R-250 or transferred 
onto polyvinylidene difluoride (PVDF) membrane. After that, the PVDF 
membranes were incubated in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1% 
Tween 20) containing 5% (w/v) fat free milk and incubated with the antibodies  of 
HbPIP2;3 and REF (Rubber elongation factor, Hev b1, 14.6 kd, house-keeping 
protein) at a dilution of 1:200  overnight at 4Ԩ. After washing the membranes three 
times with TBST, the membranes were incubated in TBST containing 5% fat free 
milk and 1:2000 HRP Goat anti-Rabbit IgG Secondary Antibody (Pierce, Thermo 
Scientific, USA) at room temperature for one hour. Finally, the blots were 
developed with the HRP-DAB Substrate kit (Pierce, Thermo Scientific, USA) 
according to the manufacturer's instruction. The western blot films were scanned 
with ImageScanner III (GE Healthcare, Sweden) and the intensities of the protein 
bands were analysed using the Labsan 6.0 program (GE Healthcare, Sweden). 
 
3.4 Data processing and statistical analysis  
 
Data were processed in origin v9.0. Statistical analyses were executed using the 
Data Processing System software v11.0. The differences among means were tested 
following one-way ANOVA testing (P<0.05) with a Duncan multiple-range post 
hoc test. 
 
3.5 Genenome-wide and transriptome analysis of aquaporins in H. 
brasiliensis 
 
3.5.1  Identification of aquaporins from H. brasiliensis genome 
 
To date, eight full-length aquaporin cDNAs from H. brasiliensis have been 
deposited in NCBI GenBank: HbPIP1;1 (Accession NO: GQ903902.1), HbPIP2;1 
(FJ851079.1) and HbTIP1;1 (FJ851080.1) by Tungngoen et al. (2009; 2011); 
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HbPIP1 (GQ479823.1), HbPIP2 (GQ479824.1), HbPIP1;2 (HQ328777.1) and 
HbPIP2;2 (HQ328778.1) from Zhuang et al. (Zhuang et al. 2010; Huang et al. 
2011) and Huang et al. (2011); and HbPIP1 (JQ037842.1) by Saha et al. (published 
only in NCBI). Sequence alignments showed that the coding regions (Figure 3.1S) 
and deduced proteins (Figure 3.2S) for HbPIP1 (JQ037842.1) and HbPIP1;1 
(GQ903902.1) shared very high sequence similarity of 96.6% and 97.9%, 
respectively, and their putative conserved domains were basically the same. 
Therefore, they are the same gene or the same allele from various rubber tree clones 
and only seven distinct aquaporin genes have been identified from H. brasiliensis.  
 
This number of aquaporins is too small according to the rubber tree genome size. 
Plant aquaporins exhibited a remarkably large number of isoforms with multiple 
integrated functions (Gomes et al. 2009). There are 35 aquaporins in Arabidopsis 
(Johanson et al. 2001), 34 aquaporins in rice (Nguyen et al. 2013), 31 aquaporins 
in maize (Chaumont et al. 2001) and 55 aquaporins in black cottonwood tree 
(Gupta and Sankararamakrishnan 2009). As the rubber tree genome (2.15GB, 
68955 genes) (Rahman et al. 2013) is much bigger than the arabidopsis (125MB, 
25498 genes) (Initiative 2000), rice (466MB, 55615 genes) (Yu et al. 2002), 
black cottonwood tree genome (410MB, 45555 genes), and has a similar size to the 
maize genome (2.3GB, 32000 genes) (Schnable et al. 2009), more than seven 
aquaporins should be involved in the rubber tree water relationship regulation. 
 
To get the entire family of aquaporins in H. brasiliensis, the RRIM600 rubber tree 
draft genome (Rahman et al. 2013), the in-house genome library of CATAS 7-33-
97 (unpublished data), previously sequenced latex transcriptome and other ESTs 
from rubber tree shoot (Triwitayakorn et al. 2011), bark (Li et al. 2012), leaf and 
laticifer (Xia et al. 2011; Chow et al. 2012) were searched using BLAST (Altschul 
et al. 1997). The query resulted in a total of 51 full-length proteins encoding 
aquaporins. This number of aquaporin family is larger than Arabidopsis thaliana 
(35) (Johanson et al. 2001), Oryza sativa (34) (Nguyen et al. 2013), Zea mays (36) 
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(Chaumont et al. 2001)  and Vitis vinifera (28) (Fouquet et al. 2008) but smaller 
than Populus trichocarpa (55) (Gupta and Sankararamakrishnan 2009) and 
Gossypium hirsutum (71) (Park et al. 2010).  
 
An analysis of the amino acid sequences and evolutionary history of H. brasiliensis 
aquaporins with P. trichocarpa and A. thaliana showed that these 51 aquaporins 
could be grouped into five distinct subfamilies (Figure 3.1 and Figure 3.2), the same 
as P. trichocarpa (Gupta and Sankararamakrishnan 2009). Among them, there are 
15 PIPs, 17 TIPs, 9 NIPs, 4 SIPs and 6 XIPs in H. brasiliensis. The numbers of 
PIPs, TIPs and SIPs are identical, and NIPs (9 vs 11) and XIPs (4 vs 6) are similar 
to those have been found in P. trichocarpa (Gupta and Sankararamakrishnan 2009). 
Nevertheless, the numbers of PIPs (15 vs 13), TIPs (17 vs 10), NIPs (4 vs 3) are 
higher in H. brasiliensis than those in A. thaliana, beside the presence of the six 
additional XIPs.  
 
Similar to other plants, each subfamily of the H. brasiliensis aquaporins can be 
further subdivided into groups of related proteins according to their phylogenetic 
clustering and similarity with the known aquaporins. The aquaporin members had 
an overall tendency to cluster with other members in the same subfamily. Each of 
the H. brasiliensis PIPs and SIPs subfamilies had 2 subgroups (PIP1 and PIP2, and 
SIP1 and SIP2, respectively), and TIPs subfamily comprised 5 subgroups (TIP1 to 
TIP5), the same as P. trichocarpa (Gupta and Sankararamakrishnan 2009) and A. 
thaliana (Johanson et al. 2001). However, XIPs could only be identified in H. 
brasiliensis and P. trichocarpa subdividing to 2 subgroups. The NIPs subfamily of 
H. brasiliensis comprised 6 subgroups but there were 3 subgroups in NIPs 
subfamily in P. trichocarpa (Gupta and Sankararamakrishnan 2009)  and 7 
subgroups in A. thaliana (Johanson et al. 2001). The NIP2 subgroup was not 
identified from H. brasiliensis. Therefore, the evolutionary history of H. 
brasiliensis aquaporins is closer to P. trichocarpa in comparison to A. thaliana 
which is in consistent to genome-based phylogenetic analysis of their ancestry 
(Rahman et al. 2013). 
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Figure 3.1. Evolutionary analysis of 51 members of the H. brasiliensis aquaporin 
family with Populus trichocarpa aquaporins. A total of 106 deduced amino acid 
sequences were used for generating the phylogenetic tree. All positions containing 
gaps and missing data were eliminated and eventually 170 positions were included 
in the final dataset. The tree was drawn to scale with the branch lengths. The 
evolutionary history was computed using the Neighbour-Joining method with a 
bootstrap of 1000. The phylogenetic analyses were performed in MEGA6 (Tamura 
et al. 2013). The evolutionary distances were calculated using the p-distance 
method and are in the units of the number of base differences per site. The 
previously reported HbPIP1 and HbPIP2 aquaporins were respectively renamed as 
HbPIP1;4 and HbPIP2;7 according to their evolutionary history. Same cases apply 
to Figure 3.2. 
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Figure 3.2. Evolutionary analysis of 51 members of the H. brasiliensis aquaporin 
family with Arabidopsis thaliana aquaporins.  
 
The five subfamilies of plant aquaporins are differentiated from their sequence 
similarities and reflect their subcellular localization (Gomes et al. 2009). PIPs and 
TIPs are respectively embedded in plant plasma membrane and tonoplast. However, 
the subcellular location of NIPs, SIPs and XIPs is uncertain although some reports 
suggest that they are localized in plasma membrane (NIPs), endoplasmic reticulum 
(SIPs) and other plant subcellular compartments (Chaumont et al. 2005; Gupta and 
Sankararamakrishnan 2009; Gomes et al. 2009). In rubber trees, the mature laticifer 
vessels are arranged in their phloem without functional plasmodesmata connections 
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(de Faÿ et al. 1989). The rapid water exchange between laticifer systems and their 
surrounding tissues would be only via the selective water channel across plasma 
membrane. Therefore, the PIPs should play crucial roles in the laticifer system 
water balance.  
 
According to their sequences, PIPs in plants can be divided into two major 
subgroups i.e. PIP1 and PIP2 (Chaumont et al. 2000),  PIP2 proteins have a shorter 
N-terminal tail and a longer C-terminal extension containing putative 
phosphorylation sites in comparison to PIP1 proteins (Fetter et al. 2004). Among 
the 35 aquaporins identified from to A. thaliana, 13 PIPs containing 8 PIP2 isoforms 
are present (Gomes et al. 2009). Similarly, the model tree plant P. trichocarpa PIPs 
are comprised of 5 PIP1s and 10 PIP2s. Among the 15 PIPs, there were 5 PIP1s and 
10 PIP2s in H. brasiliensis, which is similar to P. trichocarpa. 
 
3.5.2  Sequencing-based expression analysis of PIPs in H. brasiliensis latex 
 
In the 15 PIPs, not all of them were present in latex. To identify the PIP transcripts 
expressed in laticifers and determine the most important PIPs in laticifer vessel 
water balance, the sequenced latex transcriptome was further analysed. This 
resulted in a total of 10 PIPs from latex (Figure 3.3). Among the 10 PIPs expressed 
in latex, there were 5 PIP1s and 5 PIP2s, where HbPIP1;3, HbPIP1;4 (previously 
named as HbPIP1 in (Zhuang et al. 2010)), HbPIP2;3 and HbPIP2;7 (previously 
reported as HbPIP2 in (Zhuang et al. 2010)) were found to be the most abundant 
isoforms (Figure 3.3). Although HbPIP1;1 and HbPIP2;1 have been previously 
reported to be linked to the Ethrel induced latex dilution and yield promotion 
(Tungngoen et al. 2009; 2011), their transcripts in latex are fairly low when 
compared to HbPIP1;3, HbPIP1;4, HbPIP2;3 and HbPIP2;7.  
 
Normally, the two subfamilies of PIPs are different in their water channel activity. 
PIP2s are shown to have a high water channel activity, whereas PIP1s are inactive 
or have low water permeability (Chaumont et al. 2000; Chaumont et al. 2005; 
Gomes et al. 2009).  Therefore, in the highly expressed HbPIP1;3, HbPIP1;4, 
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HbPIP2;3 and HbPIP2;7 PIP aquaporins in latex, HbPIP2;3 and HbPIP2;7 are 
presumed to play the most important role in the laticifer water balance.   
HbPIP1;1 HbPIP1;2 HbPIP1;3 HbPIP1;4 HbPIP1;5 HbPIP2;1 HbPIP2;3 HbPIP2;4 HbPIP2;5 HbPIP2;7
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Figure 3.3.  Expression of the ten PIP genes identified from H. brasiliensis latex. 
The expression analyses were based on the Solexa sequencing data. RPKM refers 
to reads per kilobase per million in the RNA-Seq data of the latex sample (see 
details in methods). The HbPIP1;1 and HbPIP2;1 were previous reported in 
Tungngoen et al. , and HbPIP1;4 and HbPIP2;7 were respectively reported as 
HbPIP1 and HbPIP2 in Zhuang et al (2010). 
 
3.6 Identification of HbPIP2;3 as the most important aquaporin in laticifer 
water exchange 
 
3.6.1  Gene expression analysis of latex dominant aquaporins with 
quantitative PCR 
 
To confirm the data obtained by Solexa sequencing and test the effect of Ethrel 
stimulation on their expression, HbPIP2;1, HbPIP2;3 and HbPIP2;7 transcript 
levels were compared with a real-time quantitative RT-PCR. The result confirmed 
the relatively high expression of HbPIP2;7 and HbPIP2;3 (Figure 3.4) and revealed 
that the three PIP2 aquaporins were all inducible by Ethrel stimulation. HbPIP2;3 
and HbPIP2;7 expressed 13 and 50 folds in the unstimulated trees, while expressed  
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29 and 36 in the Ethrel stimulated trees when they were compared with the 
expression of previously reported HbPIP2;1 (Tungngoen et al. 2009). These results 
suggest that HbPIP2;3 and HbPIP2;7 play crucial roles in the Ethrel induced latex 
dilution and yield promotion. 
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Figure 3.4. Relative transcript abundance of HbPIP2;1, HbPIP2;3 and HbPIP2;3 
in the H. brasiliensis latex. The relative gene expression is the ratio of each 
aquaporin transcript to the YLS8 house-keeping gene. The 0 h rubber trees were 
brushed with only 1 g of 1% CMC, while the 24 h rubber trees were brushed with 
1 g of 2.5 % (w/w) Ethrel in 1% CMC, at just above the tapping cut 24 h before 
sampling. Different letters indicate the significant difference (P<0.05) of gene 
transcripts between control and Ethrel-treated trees. All RT-qPCR assays were 
conducted in triplicate 
 
3.6.2  Cloning and gene structure analysis of HbPIP2;3 
 
In the most abundant PIP2 aquaporins deduced from rubber tree transcripts, 
HbPIP2;7 has been previously cloned and reported as HbPIP2 by Zhuang et al. 
(2010). To obtain the full-length cDNA and investigate gene structure of HbPIP2;3, 
the transcriptome and genome sequences were aligned. The alignment showed that 
the genomic sequence of HbPIP2;3 was 2377 bp, containing three introns (Figure 
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3.5). The 1576 bp full-length cDNA harboured an 858 bp open reading frame (ORF) 
encoding a putative peptide of 285 amino acids (Figure 3.6).  
 
 
Figure 3.5.  The schematic gene structure of HbPIP2;3. Exons are shown as blue 
boxes, while UTRs and introns are shown as black lines. 
 
 
    1 aaaaattgtttctcaatattaaatggaaaaatgactaaataagtactttatgaaataaaa 
   61 aataaaatccttggaaacaaagaaaatgaaaaaaaaaagaaaaaaaaaatgaaaaaaaaa 
  121 cagcctttattttacccgctctccttcaccatttatacactcgctcagctcagcttctct 
 181 gtatccaaagtctcaaaaccaaaacgccaaccccctctctctccctctctatccccttat 
 241 atacaaaatcttgctgtttctctttgctgagggtcgaccATGGTGAAGGACGTGACAGAA 
    1                                        M  V  K  D  V  T  E   
 301 CAAGGATCATTCCCAGCGAAGGACTACCATGACCCACCACCAGCACCATTGATTGATGCG 
    8 Q  G  S  F  P  A  K  D  Y  H  D  P  P  P  A  P  L  I  D  A   
  361 GTGGAGCTAACCAAGTGGTCATTTTACAGGGCCTTGATTGCTGAATTTATAGCAACTTTG 
   28 V  E  L  T  K  W  S  F  Y  R  A  L  I  A  E  F  I  A  T  L   
  421 CTCTTTCTTTACATCACTGTTTTGACTGTGATTGGATACAAAAGCCAGACTGATCCTGCA 
   48 L  F  L  Y  I  T  V  L  T  V  I  G  Y  K  S  Q  T  D  P  A   
  481 AAGAATGCTGACTCTTGTGGTGGTGTTGGAATTCTTGGCATCGCTTGGGCCTTTGGTGGC 
   68 K  N  A  D  S  C  G  G  V  G  I  L  G  I  A  W  A  F  G  G   
 541 ATGATCTTTATTCTTGTTTACTGCACTGCTGGTATTTCAGgtgagatatatagctttaat 
   88 M  I  F  I  L  V  Y  C  T  A  G  I  S  G                     
  601 tttcctcctctttccttctttcttccttccctagaacagttttcagagcttcaagatttc 
  661 tttttgtagcttcttcgaatggtaaatgttttttacagtagtttttccattattttccca 
  721 cttcttcaccaaggagtaagtattctttgctcatcaagttttcttgggaagcaaacagat 
  781 tattagtttctttgttaattgcgtactatctttaatgaatattatgttcctttttcttaa 
 841 gctagatacgaaaaaggatttgccttttatacttgaaaaaagaaaaaaaaagaaaagaaa 
  901 agcattttccttttaaagattttctcaagaaaagtttttgtttttagaaatcagattttc 
  961 ttaagaaaagttgatgagcttgtacccagacattaaacacaggcacagccttggcttttt 
 1021 cttcaattgttagcgtattttagcagatagttacgtgatttttcaaatctgcgcagGAGG 
  102                                                           G  
 1081 GCACATTAACCCAGCAGTGACATTCGGGTTATTCCTGGCCCGAAAGGTCTCACTGGTACG 
  103  H  I  N  P  A  V  T  F  G  L  F  L  A  R  K  V  S  L  V  R  
 1141 GGCCGTCATGTACATGGTGGCCCAGTGCTTGGGAGCCATAGCCGGTGTCGGATTGGTGAA 
  123  A  V  M  Y  M  V  A  Q  C  L  G  A  I  A  G  V  G  L  V  K  
 1201 GGCCTTCCAGAGTTCCTTCTATAAGAGGTATGGTGGTGGGGCCAACAGTCTGGCTGCTGG 
  143  A  F  Q  S  S  F  Y  K  R  Y  G  G  G  A  N  S  L  A  A  G  
 1261 GTACAGCAAAGGCGTTGGATTGGGTGCCGAGATCATCGGGACTTTTGTTTTGGTCTACAC 
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  163  Y  S  K  G  V  G  L  G  A  E  I  I  G  T  F  V  L  V  Y  T  
 1321 AGTGTTTTCCGCCACAGATCCGAAGAGGAATGCCAGAGACTCCCATGTGCCGgtatgtat 
  183  V  F  S  A  T  D  P  K  R  N  A  R  D  S  H  V  P           
 1381 cataacatttctcatagaaattaattctctgagacttttgggctataattagtaatcact 
 1441 aattaattgttctcataaagatttgcatgcttgtttcacatgtgctatggtatgatatca 
 1501 tgaaccatgtgttttgctgactttagcaaatcttaatgcctgtttatatattaatgatta 
 1561 acaattttttttttatttaattgtaaaattagGTTTTGGCTCCACTCCCAATTGGATTTG 
  200                                 V  L  A  P  L  P  I  G  F  A 
 1621 CTGTATTCATGGTTCACTTGGCCACCATTCCAATCACTGGAACCGGCATCAACCCAGCCA 
  210   V  F  M  V  H  L  A  T  I  P  I  T  G  T  G  I  N  P  A  R 
 1681 GGAGTCTAGGAGCTGCTGTTATCTACAATCAGGACAAGCCCTGGGATGATCATgtcagta 
  230   S  L  G  A  A  V  I  Y  N  Q  D  K  P  W  D  D  H          
 1741 tatataaacatattcatcaacttaattatggttattaattaaacatggtaatgggtactt 
 1801 aattttcttgttaaattatttttttcttgcagTGGATCTTTTGGGTTGGACCCTTCATTG 
  247                                 W  I  F  W  V  G  P  F  I  G 
 1861 GTGCAGCCATTGCAGCCTTCTATCACCAATTCATCTTGAGGGCAGGAGCTGTGAAGGCTC 
  257   A  A  I  A  A  F  Y  H  Q  F  I  L  R  A  G  A  V  K  A  L 
 1921 TTGGATCATTCAGGAGCAACCCAACTGTTTAAgggaagaaataatttttctaaactaata 
  277   G  S  F  R  S  N  P  T  V  *                               
 1981 atgaaggaaaagcatgtgctggttggtttcattattagcccttctggtgtgttctttgtt 
 2041 gttgggggggttgaaaatgtgagaagagaggtttgaaagaattatggaatttgtagatat 
 2101 aaaagcctctttgaaaatgggaggcttttggttatcccttttttatttgttttgtttgat 
 2161 ttcacttagcaatgttatgatggttttcttggttggttcatcatcatcatctattgtcta 
 2221 ttttttcttctttgcacttattatgcttgtaagaaaagttaggctcttttgcttttatta 
2281 taagtgtaggctatgcttgttttattatgagctttaagtttcattttcacatattatgtt 
2341 tccatatttttttccaaatcaagtattcatttcataa 
 
Figure 3.6.  The transcriptional region of HbPIP2;3 gene and its deduced coding 
protein. The gene structure was defined with Illumina reads; The coding region is 
marked with uppercase letters, under which is its deduced animo acids; The 
transcribed untranslated regions are marked with lowercase letters, including three 
introns, 5’ UTR and 3’ UTR; The primers used for PCR amplification are labeled 
with single underline; SNPs between the cloned ORF and the genome sequence are 
shown in bold letters.  
 
The ORF of HbPIP2;3 was cloned and confirmed by the gene specific primers. It 
was found that even though there were two different nucleotides between the cloned 
ORF sequence and the transcriptional aligned sequence (Figure 3.3S), the deduced 
protein were identical, indicating they were the same gene. The difference in the 
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two nucleotides is likely because of various rubber clones being used or the 
sequencing error. 
 
The prediction of the HbPIP2;3 deduced protein transmembrane domains (Figure 
3.7) and the alignment of its amino acid sequence with other aquaporins (Figure 3.8) 
showed that the HbPIP2;3 encoded protein had the main characteristics of the MIP 
family. HbPIP2;3 was predicted to encode 285 amino acids with a theoretical 
molecular weight (Mw) of 30.34 kD and isolectric point (pI) of 9.18. Similar to 
other aquaporins, HbPIP2;3 was comprised of six transmembrane (TM) domains 
locating at the position of 38-60, 75-97,118-140, 166-185, 198-220, and 246-268. 
The six TM helices were linked by five loops where the highly conserved NPA 
motifs harbour in loops B and E acting as central aqueous pores for the 
transmembrane water transport (Maurel et al. 2008). In addition, HbPIP2;3 
harbored the ar/R selective filter of F-H-T-R, and five amino acid residues (Q-S-A-
F-W) at Froger’s positions represented a typical feature of water channel proteins 
as seen in HbPIP2;1 and other water transport activity proven aquaporins (Froger 
et al. 1998, Tungngoen et al. 2009).  
 
 
Figure 3.7.  The predicted transmembrane helices in HbPIP2;3. The prediction 
was performed with TMHMM Server v. 2.0 at 
http://www.cbs.dtu.dk/services/TMHMM-2.0/ . 
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Figure 3.8.  Alignment of HbPIP2;3 deduced amino acid sequence with other PIPs 
from H. brasiliensis and other plants. The multiple sequence alignment was 
performed in Vector NTI 10.0 with AlignX. The sequences of RcPIP2;1 
(XP_002532756.1), VvPIP2;4 (NP_001267922.1), ZmPIP2;2 (ACG33001.1), 
RcPIP2;2 (XP_002519539.1), HbPIP2;1 (ACX37450.1), AtPIP2;8 (NP_179277.1), 
HbPIP2;7 (ACV66986.1) HbPIP2;2 (AEC45513.1), HbPIP1;2 (AEC45512.1), 
HbPIP1;1 (ADN94473.1), HbPIP1;4 (ACV66985.1), RcPIP1;3 (XP_002526867.1) 
and VvPIP1;2 (ABN14348.1) were downloaded from NCBI from the HbPIP2;3 
BLASTp result. TM1 to TM6 show the transmembrane domains. The two 
conserved functional NPA motifs are indicated by three dots. 
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The BLAST and phylogenetic analyses showed that the amino acid similarity of 
HbPIP2;3 with the previously cloned H. brasiliensis and other plant PIP aquaporins 
ranged between 74% and 92%, with the highest similarity to Ricinus communis 
(RcPIP2;1) (Figure 3.9). These results confirmed that HbPIP2;3 was a new isoform 
of H. brasiliensis aquaporin. The gene was registered as HbPIP2;3 in NCBI with 
an accession number of KF921089. 
 
 
Figure 3.9.  Comparison of the deduced amino acid sequences of HbPIP2;3 with 
other plant aquaporins. The phylogenetic tree was generated by the comparing the 
confirmed PIP aquaporins from H. brasiliensis and other plants. The percentage of 
similarity is shown after name of the deduced proteins.  
 
3.6.3  Functional validation of HbPIP2;3 
 
To confirm the water transport function of the latex dominant PIP2s, the water 
channel activities of HbPIP2;3 and HbPIP2;7 were determined in Xenopus oocytes 
with a swelling assay. The previously functionally validated aquaporin HbPIP2;1 
(Tungngoen et al. 2009) was used as the positive control, and the oocytes injected 
with 50nL of RNase-free water was used as a negative control. After transferring 
 HbPIP2;3
 RcPIP2;1  92%
 VvPIP2;4  87%
 HbPIP2;1  87%
 RcPIP2;2  86%
 ZmPIP2;2  82%
 AtPIP2;8  81%
 HbPIP2;7  81%
 HbPIP1;2  74%
 HbPIP1;4  74%
 VvPIP12  75%
 HbPIP1;1  74%
 RcPIP1;3  76%
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the oocytes from a hypertonic solution into a hypotonic solution, the time-
dependent increases in oocyte cell volumes were monitored under a microscope. As 
seen from Figure 3.10A, the cell volume of oocytes expressing HbPIP2;3 and 
HbPIP2;1 increased quickly and bursted within 3 min. However, the oocytes 
injected with HbPIP2;7 cRNA or water swelled very slowly. The heterologous 
expression of HbPIP2;7 had not increased the water transport activity of Xenopus 
oocytes. The comparison of Pf values (Figure 3.10B) confirmed that the oocytes 
expressing HbPIP2;1 and HbPIP2;3 had a similar value, with both being more than 
5-fold greater than the oocytes injected with HbPIP2;7 or RNase free water. These 
results suggest that HbPIP2;3 is a functional water transport aquaporin, whereas 
HbPIP2;7 is not. 
 
To date, all plant PIP2 proteins reported, with an exception of PttPIP2.1 and 
PttPIP2.2 (Marjanovic et al. 2005), have been found to have high water channel 
activity when expressed in Xenopus oocytes. It is not sure whether this is caused by 
the retention of negative results. At least, a functional analysis of all eight PIP2 
aquaporins from P. trichocarpa showed that its PIP2 subfamily members have high 
water permeability (Secchi et al. 2009). Therefore, the inactivity of HbPIP2;7 to 
water transport needs to be further confirmed since the heterogonous expression of 
aquaporins cannot always successfully inserted into oocyte plasma membranes 
(Hachez and Chaumont 2010) and the swelling behaviour of Xenopus oocytes does 
not necessary reflect the transport property of aquaporins in plant (Marjanovic et al. 
2005). This could probably achieved by a functional characterization of this gene 
using other methods, such as protoplast assay, stopped-flow spectrophotometry and 
cell pressure probe. Alternatively, a localization of this gene with GFP (Green-
fluorescent-protein) fusion proteins or immunodetection is required to conclude the 
negative result (Hachez and Chaumont 2010).  
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Figure 3.10. Time dependent cell volume changes (A) and Pf values (B) of the 
Xenopus oocytes expressing H. brasiliensis aquaporins. The oocytes injected with 
50ng HbPIP2;3, HbPIP2;1 (positive control)  cRNA solution or RNase-free water 
(negative controls) were incubated in full strength MBS for 24h and then transferred 
into a 5-fold diluted MBS at time 0 for cell volume measurements. The cell volume 
change was recorded every 20s for up to 200s or till its burst. The oocytes for the 
HgCl2 inhibition group were subjected to the MBS containing 0.3mM HgCl2 
treatment 10 min before the swelling assay. The Pf data are given as mean ± SD 
(n=10) from two independent experiments. Different letters at the bars represent the 
significant difference (P<0.05). 
 
Plant aquaporins can be regulated by heavy metals, such as HgCl2, CuCl2, NiCl2 
and Na2WO4 (Chaumont et al. 2005; Secchi et al. 2009). Therefore, the HgCl2 
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inhibition method is used traditionally to determine the involvement of aquaporins 
in plant physiological processes (Hachez and Chaumont 2010; Hove and Bhave 
2011). Nevertheless, the inhibition of plant aquaporins by HgCl2 is quite variable. 
The water channel activities of some aquaporins can be inhibited by HgCl2 and 
partially reversed by β-mercaptoethanol or dithiothreitol (Zhang and Tyerman 1999; 
Martre et al. 2001; Kamaluddin and Zwiazek 2002; Wan et al. 2004; Lopez et al. 
2013). However, some aquaporins are insensitive to HgCl2 treatment (Daniels et al. 
1994a; Biela et al. 1999; Otto and Kaldenhoff 2000; Marjanovic et al. 2005; Secchi 
et al. 2009). To determine HgCl2 sensitivity of these aquaporins, groups of 
heterogeneously expressed oocytes were treated with 0.3 mM before the water 
permeability measurements. As can be seen in Figure 3.10, the water permeability 
of HbPIP2;1 and HbPIP2;3 could be inhibited by 0.3 mM HgCl2 as observed for 
most other plant aquaporins (Kammerloher et al. 1994; Johansson et al. 2000; Suga 
and Maeshima 2004; Secchi et al. 2007). Therefore, HbPIP2;1 and HbPIP2;3 are 
HgCl2 sensitive water channel in H. brasiliensis.  
 
Site-directed mutagenesises have revealed that the presence of a mercury-sensitive 
cysteine residue just before either of the two highly conserved NPA motifs 
correlates with the HgCl2 sensitivity of an aquaporin (Preston et al. 1993; Jung et 
al. 1994; Daniels et al. 1994b; Daniels et al. 1996). The cysteine residue, just before 
the second NPA motif, which is responsible for the mercury-sensitivity (Preston et 
al. 1993) is not present in the HbPIP2;1 and HbPIP2;3 deduced amino acid 
sequences (Figure 3.8). The mercury-sensitivity of HbPIP2;1 and HbPIP2;3 is 
probably conferred by the presence of a cysteine residue adjacent to the first NPA 
motif or the existence of the cysteine residue in the transmembrane domain 3 of 
HbPIP2;1  and HbPIP2;3 putative amino acid sequence, which have all been 
previously proven to be the potential mercury-sensitivity sites (Jung et al. 1994; 
Daniels et al. 1996).  
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As in the highly expressed and Ethrel inducible PIP2 aquaporins, the HbPIP2;7 
showed low water transport efficiency when expressed in Xenopus oocytes in our 
study, we presumed that HbPIP2;3 must have played a paramount role in the Ethrel 
induced latex dilution and yield promotion. Hence, it is important to investigate its 
expression and its relationship with latex dilution and latex yield. 
 
3.6.4 Tissue-specific expression of HbPIP2;3 
 
The expression of HbPIP2;3 transcript was determined in latex and nine 
differentvegetative tissues including bark, root, bud, leaflet (bronze, mature and 
senescence), petiole (bronze, mature and senescence). It can be observed from 
Figure 3.11 that HbPIP2;3 was detectable in all tissues examined, but marked 
differences were present at the level of expression. Besides its high presence in 
mature leaflet and petiole, a notable high transcript level in latex which was more 
than 200-fold to that of bark was displayed (Figure 3.11), suggesting its preferential 
expression in latex and a major role in laticifer water balance.  
Bark
Root
Bud
Bronze leaflet
Mature leaflet
Senescence leaflet
Bronze petiole
Mature petiole
Senescence petiole
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Figure 3.11. Relative expression of HbPIP2;3 in different tissues of H. brasiliensis. 
The relative gene expression was calculated by using YLS8 as the house-keeping 
gene and bark as the normalization sample. The data are mean values and standard 
deviation. All qRT-PCR assays were conducted in triplicate from three saplings. 
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3.7 The association of HbPIP2;3 expression with tapping,wound and Ethrel 
stimulation  
 
3.7.1  Effect of tapping on HbPIP2;3 expression and its association with latex 
dilution and yield 
 
The latex yield for a virginal rubber tree increases with successive tapping times 
before reaching its equilibrium at the sixth to tenth tapping (Sethuraj and Mathew 
1992; Tang et al. 2007; Priyadarshan 2011). This latex yield increase had been 
referred to as a wounding response by Pakianathan (1967) and is normally 
accompanied by a corresponding decrease in TSC (Pakianathan 1967; Priyadarshan 
2011).   
 
Figure 3.12A shows that the first and the second tappings of the mature virgin 
rubber trees CATAS 7-33-97 produced only an average of 14.38 mL/tree/tapping 
latex.  However, the stimulations from two tappings resulted in a significant surge 
in latex yield (64.75 mL/tree/tapping), an increase of 3-fold. This increase in latex 
yield continued until the sixth tapping. Coincidentally, the TSC started to decrease 
from the second tapping. These results confirmed the concurrence of latex yield 
increase with TSC decrease in the wounding response and suggested an 
enhancement of water influx into laticifers during the wounding response. 
 
Since latex yield increases concomitantly with the decrease of latex TSC, the 
expression of aquaporins might be altered by tapping. To examine the effects of 
tapping on the expression of HbPIP2;3, virgin (untapped) rubber trees were 
subjected to six sequential tappings. As shown in Figure 3.12B, HbPIP2;3 was 
significantly up-regulated by 3.2 to 5.9 fold from the second tapping in bark and 
1.6 to 2.4 fold from the third tapping in latex, which was in consistent with the 
significant decrease of TSC and increase of latex yield from the third tapping. This 
result indicates that HbPIP2;3 can be regulated by tapping and is involved in the 
tapping induced latex dilution and yield promotion during the first few tappings. 
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Figure 3.12.  Latex yield, total solid content (A) and HbPIP2;3 transcript (B) 
variation of the first six tappings of virginal CATAS 7-33-97 rubber trees. Data are 
means from three different trees and SD (n=3). Different letters signify the 
statistical differences at P<0.05.  
 
Tapping can result in a dilution of latex. The regeneration rate of rubber latex would 
be accelerated by the dilution of latex concentration (Gooding 1952a). In line with 
the up-regulation of HbPIP2;3 by tapping, Tang et al. (2010) have reported an up-
regulation of a major functional sucrose transporter (HbSUT3) by successive 
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tappings. It is proposed that HbPIP2;3 and HbSUT3 are key components of tapping-
activated latex metabolism and production in the wounding response. The up-
regulations of these two genes by the successive tappings facilitate the 
transportation of water and sucrose to the laticifer system and hence contribute to 
the latex dilution and yield promotion in the wounding response. 
 
3.7.2  Effect of wounding and Ethrel stimulation on HbPIP2;3 expression and 
its association with latex dilution and yield 
 
Tapping is actually a form of controlled wounding. It results in two inclusive effects 
near the tapping cut: the sink effect resulted from the exudation and regeneration of 
latex, and the wounding effect that could induce ‘wound ethylene’ release and 
endogenous ethylene accumulation (Paranjothy et al. 1979; D'Auzac et al. 1997; 
Tang et al. 2010). To eliminate the superposition effect of a tapping induced sink 
effect,  wounding (without latex flow) and Ethrel treatment were applied to the 
CATAS 7-33-97 virginal  trees 24 h before the first tapping to better understand the 
impact of Ethrel on HbPIP2;3 expression and latex yield. It can be seen from Figure 
3.13 that although the drawing pin wounding increased the expressions of 
HbPIP2;3 in both the latex and bark of the virginal rubber trees by 2.3- and 1.3- 
fold (Figure 3.13B), the latex yield and TSC were not markedly changed (Figure 
3.13A).   
 
However, the significant up-regulation of HbPIP2;3 by 2.5% Ethrel stimulation in 
latex (5.2-fold) and bark (2.4-fold) resulted in a notable decrease in latex TSC and 
increase of latex yield. Therefore, the HbPIP2;3 aquaporin can be up-regulated by 
both wounding and Ethrel stimulation, and contribute to the latex  dilution and latex 
yield promotion. The different effects between drawing pin wounding and Ethrel 
stimulation is probably derived from their various ethylene release amounts and 
HbPIP2;3 up-regulation folds. 
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Figure 3.13.  Changes of latex yield, TSC (A) and HbPIP2;3 transcript expressions 
(B) in the virgin rubber trees subjected to drawing pin wounding (DP) and 2.5% 
Ethrel (ET) treatments. Data are given as means ± SD (n=3) from each including 
three trees. Different letters indicate the significant difference (P<0.05). 
 
Tapping wounding can lead to significant ethylene accumulation (Paranjothy et al. 
1979; Ke and Saltveit 1989; D'Auzac et al. 1993). Ethrel can also release ethylene 
production in plants upon its application (Abraham et al. 1971; Thao et al. 1998), 
which can enhance the synthesis of wounding-induced endogenous ethylene 
(Hoffman and Yang 1982). Therefore, the up-regulation of HbPIP2;3 by tapping, 
wounding and Ethrel application can all be ascribed to their effect on endogenous 
ethylene production. This result is in accordance with the up-regulation of Vitis 
vinifera aquaporins (Chervin et al. 2008) and HbPIP2;1 (Tungngoen et al. 2009) 
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by ethylene, and the up-regulation PatPIP1 by wounding in Populus alba × 
P.tremula var. glandulosa (Bae et al. 2011). Tapping, wounding and Ethrel induced 
endogenous ethylene production is, therefore, probably the underlying elicitor of 
HbPIP2;3 up-regulation. Its notable accumulation effect would likely the cause of 
latex dilution and yield promotion.  
 
By screening the 5'-flanking region of HbPIP2;3 from the rubber tree genome 
(Rahman et al. 2013), an AATTCAAA box, which was previously proven to be an 
ethylene responsive element in the promoter region of many ethylene inducable 
genes (Montgomery et al. 1993; Tapia et al. 2005; Rawat et al. 2005), was found. 
Therefore, it is not surprising that HbPIP2;3 can be regulated by ethylene and 
contribute to the latex dilution and yield promotion of H. brasiliensis. 
 
3.7.3  Kinetic change of HbPIP2;3 expressions in response to Ethrel 
stimulation and its association with latex dilution and yield 
 
Since Ethrel and tapping could both change the expression profile of HbPIP2;3, the 
kinetics of its expression were investigated in regularly tapped rubber trees with 
different responses to Ethrel stimulation. It can be seen from Figure 3.14 and Figure 
3.15 that Ethrel stimulation up-regulated the HbPIP2;3 expression, diluted latex 
and increased latex yield in both clones. 
 
For the Ethrel susceptible PR107 rubber clone, a significant increase in latex yield 
(up to 3 fold) and decrease in TSC (up to 9%) were observed from 24 h after the 
Ethrel stimulation (Figure 3.14). Correspondingly, the HbPIP2;3 gene was up-
regulated significantly as early as 3h and up to at least 40 h after Ethrel treatment 
in both latex and bark. The up-regulation of HbPIP2;3 by Ethrel treatment was 4- 
to 10- fold in bark and 3- to 10- fold in latex when compared to the control (0h, 
Figure 3.15A). This up-regulation of HbPIP2;3, therefore, facilitated the influx of 
water into laticifers and hence, diluted latex and favoured latex flow and latex yield.  
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Figure 3.14.  Kinetic changes of latex yield (A) and TSC (B) of PR107 and 
CATAS8-79 regularly tapped rubber trees subjected to different duration of Ethrel 
treatment.  Data are means ± SD (n=3) for each including three trees. Different 
letters represent latex yield or TSCs that are significantly different (p<0.05). 
 
However, for the CATAS8-79 rubber tree clone, which exhibits a low-level 
response to Ethrel, the effects of Ethrel stimulatin on latex yield increase and the 
latex TSC decrease, were not as significant as PR107. The Ethrel stimulation up-
regulated the gene expressions of HbPIP2;3 by 1.5- and 3-fold at 3h and 6h after 
the treatment in the latex, and slightly up-regulated HbPIP2;3 in the bark (Figure 
3.15B). Whereas a relative low decrease in latex TSC and increase in latex yield 
could only be identified from 24h and 40h after Ethrel stimulation, respectively 
(Figure 3.14). This reduced response is probably because the expressions of 
HbPIP2;3 are initially higher in both the latex and bark, especially in the bark, of 
CATAS8-79 rubber clone than in PR107 rubber tree clone (Figure 3.15). The higher 
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expression of HbPIP2;3 in CATAS8-79 than in PR107 rubber tree clone probably 
confers  a lower latex TSC and higher latex yield in CATAS8-79 rubber clone. 
Therefore, HbPIP2;3 likely determines rubber clone’s latex TSC, yield potential 
and Ethrel susceptibility.  
 
In both clones, the up-regulation of HbPIP2;3 occured prior to the significant 
decrease of latex TSC and increase of latex yield. This is because the molecular 
events normally precede the physiological modification and is consistent with the 
expression profile of HbPIP2;1 in PB217 virginal tree (Tungngoen et al. 2009). It 
also supported the experiment of Tupy (1985) that tritium water intake into 
laticifers was markedly accelerated only 4h after stimulation (D'Auzac et al. 1989). 
By considering all these effects, it can be concluded that tapping and Ethrel induced 
endogenous ethylene can quickly up-regulate the expression of aquaporins and thus 
favour the latex dilution and latex production of a rubber tree. Even though the 
regular tapping could induce the expression of HbPIP2;3 in a high level, its 
expression profile by Ethrel stimulation in the regularly tapped tree exhibited 
similar kinetics to HbPIP2;1 in the virginal rubber trees (Tungngoen et al. 2009). 
The combination of these results showing up-regulation of aquaporins, and other 
similar results on sucrose transporters (Dusotoit-Coucaud et al. 2009; 2010; Tang 
et al. 2010) along with a quebrachitol transporter (Dusotoit-Coucaud et al. 2010) 
could partly explain the mechanism of tapping and Ethrel stimulation-induced latex 
dilution and yield promotion. 
 
The rubber tree clones respond to Ethrel stimulation differently (D'Auzac et al. 1997; 
Priyadarshan 2011). For example, PR107 rubber tree clone, which has a high level 
of sucrose content and TSC in the latex, responds well to Ethrel stimulation  (Xu et 
al. 1990); whereas CATAS8-79 displays a poor response to Ethrel stimulation (Gao 
et al. 2009). The TSC (or reversely water content) of rubber tree latex is normally 
linked with rubber tree yield potential (Van Gils 1951; D'Auzac et al. 1989; Huang 
et al. 2010) and Ethrel stimulation response (Gohet et al. 2003; Priyadarshan 2011). 
Rubber clones with low TSC normally exhibit high rubber yield potential but 
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limited response to Ethrel. However, the link of rubber tree latex TSC and Ethrel 
stimulation response with aquaporin expression has not been reported.   
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Figure 3.15.  Variations of HbPIP2;3 expressions in the latex and bark of PR107 
and CATAS8-79 regularly tapped rubber trees following Ethrel treatment.  The 
relative expressions of HbPIP2;3 in the latex and bark samples of both PR107 and 
CATAS8-79 rubber clones were normalized respectively by the PR107 latex and 
bark samples without Ethrel stimulation (i.e. 0 hour after treatment). Data are means 
± SD (n=3). Different letters indicate that the transcript expression of HbPIP2;3 
was significantly different among various treatment durations in the same clone. 
 
By comparing the yield, TSC and also HbPIP2;3 expression responses to Ethrel 
stimulation in  the two different Ethrel sensitive clones, it was found that the 
aquaporin expressions were linked to the clonal characteristics of rubber tree latex 
TSC, yield potential and Ethrel stimulation response. The latex of metabolically 
active clone CATAS8-79 had a lower TSC and a higher yield than the low 
metabolic clone PR107 (Figure 3.14) as the initial expression of HbPIP2;3 in 
CATAS 8-79, especially in the bark, was correspondingly higher than that in PR107 
(Figure 3.15). In addition, due to the higher basal expression of HbPIP2;3 in the 
CATAS8-79 clone, Ethrel stimulation had a limited effect on HbPIP2;3 expression 
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in this clone compared to that of the PR107 (Figure 3.15). Therefore, in response to 
Ethrel stimulation, the decrease in latex TSC and increase in latex yield on the 
CATAS8-79 rubber clone was limited when compared to the PR107 rubber clone 
(Figure 3.14). It has been suggested that the regeneration of rubber particles will be 
accelerated at a low latex concentration (Gooding 1952a). The up-regulation of PIP 
aquaporins can facilitate the water exchange between laticifer vessels and 
surrounding tissues, its expressions are therefore likely linked to the clonal 
characteristics of rubber tree latex TSC, yield potential and Ethrel stimulation 
response. However, as the comparisons were made only on the regularly tapped 
trees of clones PR107 and CATAS8-79, further investigations on more clones are 
required to fully understand this relationship. Meanwhile, it is suggested that 
aquaporins are involved in phloem turgor pressure regulation (Hill et al. 2004) and 
translocation (Zhou et al. 2007). The mechanism of how aquaporin expressionis 
associated with rubber tree phloem turgor pressure and sucrose translocation and 
ultimately latex yield warrants further study.  
 
3.7.4  Western-blot analysis of HbPIP2;3 protein after Ethrel stimulation 
 
As the expression of HbPIP2;3 gene was regulated by Ethrel stimulation and 
closely related to latex dilution and latex yield, its response to Ethrel stimulation at 
the protein expression level was examined by western-blot analysis in bark and 
latex proteins extracted from the PR107 rubber clone. As shown in Figure 3.16, an 
electrophoretic band about 25 kDa was immunolabeled in latex proteins, which was 
not the expected size of 30.3 kDa probably due to the migration of proteins during 
electrophoresis. Although the results are rather cursory and the internal reference 
protein selected is inappropriate for its very high presence in latex and absent in 
bark, some preliminary results can also be concluded:  
(1) HbPIP2;3 protein accumulation in latex was clearly higher than that in the 
bark;  
(2) Ethrel stimulation could enhance the expression of HbPIP2;3 protein both in 
the latex and bark of PR107 rubber trees as soon as 3 hours after ethrel 
stimulation.  
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This accumulation profile of HbPIP2;3 protein is consistent with the results in the 
transcript level, and it therefore confirms the contribution of HbPIP2;3 to the Ethrel 
induced latex dilution and yield promotion.  
 
 
 
 
 
Figure 3.16.  Western-blot analysis of HbPIP2;3 protein expressions in PR107 
rubber tree bark and latex  following Ethrel stimulation. The total protein (50	μg) 
were separated by SDS-PAGE and then either stained with Coomassie Brilliant 
Blue R-250 or transferred onto polyvinylidene difluoride membrane for Western-
blot analysis. Using the polyclonal antibodies raised against a peptide fragment of 
the HbPIP2;3 protein, the variation in expressions is compared. REF (Rubber 
elongation factor, Hev b1, 14.6 kd) was used to normalize the expression level of 
HbPIP2;3 protein. However, immunolabelling for HbPIP2;3 in the bark was 
unsuccessful because ot its low expression. The fold increase of HbPIP2;3 protein 
in the latex is indicated below.    
 
3.8 Conclusions 
 
By screening the previously sequenced rubber tree latex transcriptome and the later 
published rubber tree genome, a total of 51 aquaporins from H. brasiliensis were 
identified and grouped into five distinct subfamilies, i.e. PIP, TIP, NIP, SIP and 
XIP. Among these aquaporins, a highly expressed and Ethrel induced functional 
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PIP2 subfamily aquaporin in latex, named HbPIP2;3, was deduced to play 
important roles in the laticifer water exchange. The tissue specificity and expression 
profiles of HbPIP2;3 were investigated when the rubber tree were subjected to 
tapping, wounding and Ethrel stimulation. The results showed that HbPIP2;3 gene 
was up-regulated by both wounding and exogenous Ethrel application induced 
endogenous ethylene. Although regular tapping up-regulated the expression of 
HbPIP2;3 in the first few tappings of virginal rubber trees, the transcoptional 
kineteics of HbPIP2;3 to Ethrel stimulation in the regularly tapped trees exhibited 
similar pattern to the previously reported HbPIP2;1 in the virginal rubber trees 
which could be up-regulated as early as 3h to 40h after Ethrel application. The 
expression of HbPIP2;3 was associated with clonal yield potentials and the Ethrel 
stimulation response. Altogether, this study shows that the HbPIP2;3 aquaporin is 
involved in the latex dilution and latex yield, it will play an important role in 
increasing latex yield if its regulation can be controlled through methods such as 
Ethrel stimulation. 
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CHAPTER 4:   THE VARIATION OF PHLOEM TURGOR 
PRESSURE AND ITS RELATIONSHIP WITH 
LATEX YIELD  
 
4.1 Introduction 
 
The phloem plays a central role in plant development, such as nutrition 
transportation and inter-organ signal communication, by mass transfer from source 
supply organs (mainly leaves) to sink demanding organs (such as roots, fruits and 
other growth and storage organs) (Dinant and Lemoine 2010). According to the 
widely accepted Münch theory, the turgor pressure gradient existing in sieve 
elements is the driving force of phloem translocation (Knoblauch and Oparka 2012). 
However, this pressure flow hypothesis still requires strong experimental validation 
(Knoblauch and Oparka 2012).  
 
Latex vessels (laticifers) in the rubber tree (Hevea brasiliensis) are specialized 
articulated networks contained within the concentric rings of the inner phloem of 
rubber tree barks. The commercially used natural rubber latex is the milky 
cytoplasm flowing out from the anastomosing rubber tree phloem laticifer system. 
Due to its commercial importance, the rubber tree phloem anatomy and latex flow 
kinetics are more intensively studied than other laticiferous plants. This makes it a 
good model plant to study phloem turgor pressure and mass flow. In addtion, 
phloem turgor pressure is a vital parameter for rubber tree production and water 
balance. 
 
The latex flow after tapping is a kind of capillary flow (D'Auzac et al. 1989). The 
phloem turgor pressure, which is caused by the inner laticifer osmotic content, is 
the initial driving force of latex flow after laticifer vessels are breached by tapping. 
It is commonly believed that phloem turgor pressure is one of determinants of initial 
latex flow rate and latex production (Gooding 1952a; Buttery and Boatman 1966; 
D'Auzac et al. 1989). Phloem turgor pressure can also imply the latter latex flow 
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and laticifer water relationship (Buttery and Boatman 1967; D'Auzac et al. 1989; 
Yeang 2005). However, only few papers have studied the phloem turgor pressure 
of rubber trees. Buttery and Boatman (1964, 1966) developed a manometric 
technique that examined the daily and seasonal variation in phloem turgor pressure 
and the change of phloem turgor pressure subjected to tapping and 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T) stimulation. Milburn and Ranasinghe (1996) 
compared several methods to measure phloem turgor pressure of rubber trees. 
Yeang (2005) investigated the relationship between latex flow kinetics and phloem 
turgor pressure. These results confirmed the importance of phloem turgor pressure 
in the rubber tree production. For instance, D'Auzac (1989) inferred that the latex 
yield harvested at different tapping times is negatively related to the daily variation 
in phloem turgor pressure; Yeang (2005) suggested that the latex flow rate after a 
rubber tree is tapped can be expressed as a function of phloem turgor pressure and 
time without involving other parameters such as fluid dynamics, latex vessel 
contraction and latex dilution during the process of exudation. Nevertheless, the 
change of phloem turgor pressure with rubber clone, tree age and girth, bark age 
and Ethrel stimulation has not been investigated in details. 
 
One reason for the lack of understanding turgor pressure changes, especially its 
kinetics after tapping, is the absence of an accurate method to measure real-time 
phloem turgor pressure. The air bubble manometer developed from oleoresin 
pressure measurement (Bourdeau and Schopmeyer 1958) was invented by Buttery 
and Boatman (1964, 1966). It was the first experiment to directly measure the 
phloem turgor pressure of any plants. The phloem turgor pressure  measurement 
techniques used on other plants including red oak (Quercus rubrum) by Hammel et 
al. (1968), squirting cucumber (Ecballium elaterium ) by Sheikholeslam and 
Currier (1977), white ash (Fraxinus americana) by Sovonick-Dunford (1981b) and 
Lee (1981) were essentially the same. However, apart from low accuracies, they all 
could not measure the phloem turgor pressure repeatedly on a single puncture due 
to the shortcoming of its design and principle. Milburn and Ranasinghe (1996), and 
Yeang (2005) redesigned the air bubble manometer which greatly improved the air 
tightness of manometer. However, it was still unable to measure real time phloem 
turgor pressure.  
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Milburn and Ranasinghe (1996) tried to improve the repeatability and accuracy of 
the turgor pressure measurement in H. brasiliensis by using a high pressure pump 
manometer. Nevertheless, the latex meniscus deposited in the transparent tube 
made the observation of new meniscus difficult. It was also a very slow, unstable, 
and time consuming method, requiring two operators. Hence, it has not been used 
to measure the real-time variation of phloem turgor pressure. A more reliable 
methodology was applied by Wright and Fisher (1980) and Gould et al. (2004; 2005) 
with pressure probes glued onto severed aphid stylets. However, the method was 
technically challenging (Knoblauch and Peters 2010), and, more importantly, it 
could not measure real-time variation of phloem turgor pressure at the sink tissues, 
especially for tree species; because aphids usually do not feed on sink tissues 
(Knoblauch and Peters 2010). An accurate online phloem turgor pressure 
measurement technique is essential to experimentally validate the widely accepted 
pressure flow theory for phloem mass flow. It has been suggested to measure the 
phloem turgor pressure using the state of the art cell pressure probe technique 
(Susan et al. 1981b; Pickard 2008), nevertheless, no such kind of work has been 
done to date to the best of our knowledge. 
 
Moreover, ethylene stimulation has been commonly used in the worldwide rubber 
tree estate practice (Jetro and Simon 2007). However, its effect on phloem turgor 
pressure is still ambiguous. Blackman (1961) and Tungngoen et al. (2009; 2011) 
maintained that the phloem turgor pressure would be promoted as latex osmotic 
potential would be decreased and water influx to laticifer would be accelerated 
when a rubber tree is stimulated. Nevertheless, no distinct initial turgor pressure 
difference between 2, 4, 5-T (a synthetic auxin previously used as a rubber yield 
stimulant) stimulated and un-stimulated trees was identified from the direct 
measurement of turgor pressure by Buttery and Boatman (1967). Even Pakianathan 
(1977) and Yeang (2005) found that phloem turgor pressure was decreased by 
Ethrel stimulation.  
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To better understand the relationship of phloem turgor pressure with rubber tree 
latex production and examine its involvements in the mechanism of Ethrel 
stimulation, a phloem turgor pressure probe (PTPP) based on the state of the art cell 
pressure probe that utilises silicon oil and a pressure sensor linked to a data logger to 
monitor and record real-time phloem turgor pressure were firstly developed in 
measuring the trunk phloem turgor pressure of mature H. brasiliensis trees. The change 
of phloem turgor pressure with time of day, rubber tree height, clone, tree age and 
girth, regenerated bark age, tapping and Ethrel stimulation was investigated. The 
mass flow theory, meanwhile, was discussed with the measured phloem turgor 
pressure in H. brasiliensis.  
 
4.2 Experiment site and plant materials 
 
4.2.1 Experiment site 
 
The trials were carried out at the experimental farm of the Chinese Academy of 
Tropical Agricultural Sciences. The rubber plantations are located in Danzhou 
(19°28′ N, 109°29′ E), Hainan, China. The mean annual temperature is 23.3 Ԩ and 
the annual precipitation is 1826mm. There is a distinct rainy season from May to 
October and a dry season from November to April with 80% of precipitation 
occurring in the rainy season. Therefore, the mature rubber trees (Hevea brasiliensis) 
cultivated there have a defoliation period from February to March. 
 
4.2.2 Plant materials  
 
PR107, CATAS 7-33-97 and CATAS 8-79 rubber tree clones, and fifteen 1981 
IRRDB-rubber tree germplasm resources (see details in the Figure legend) were 
used in different trials for the experimental objectives depending on plant material 
availability. All rubber trees selected were bud-grafted trees. Unless otherwise 
noted, the mature rubber trees were all tapped with a tapping system of s/2 d3 
(tapping every 3 days with half spiral) without Ethrel stimulation. 
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4.2.3 Ethrel treatment 
 
To examine the effect of Ethrel stimulation on rubber tree phloem turgor pressure, 
eight trees with similar girth and latex yield were selected and equally divided into 
two groups. In the defoliation season, one group was used as control with only 1 g 
of carboxyl methyl cellulose (CMC, 1%) being brushed on the panel just above the 
tapping cut. Another group was brushed with 1 g of 2.5 % (w/w) Ethrel in 1% CMC 
in the same way. The treatments were performed about 24 h before the measurement 
and tapping. 
 
4.3 Methods 
 
4.3.1 Phloem turgor pressure measurement 
 
To measure the real time variation of phloem turgor pressure, a phloem turgor 
pressure probe (PTPP) based on the state of the art cell probe was firstly developed. 
The cell pressure probe was ingeniously designed to measure the turgor pressure of 
small and tender plant cell or the giant algae (Tomos and Leigh 1999). Due to the 
rubber tree bark being hard and the milky cytoplasm in laticifer cells is viscid and 
large in amount different to the near water content of plant cell vacuoles, some 
modifications were required to successfully apply it in the real time turgor pressure 
of H. brasiliensis phloem. Consequently, the following revisions were made to 
construct a new PTPP (Figure 4.1): 
  
(1)  A special highly polished micro-borer, similar to Hammel (1968), was 
used to facilitate the puncturing and installing of PTPP; 
(2)  The glass capillary was replaced with a micropipette tip having a volume 
of 200µl to facilitate the insertion and replacement;  
(3)  The nut at the end of the capillary was redesigned to fit the tip of a 200µL 
micropipette; and 
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(4)    A thicker metal rod with a diameter of 12mm and larger pressure chamber 
about 0.36 cm3 was used for controlling the large quantity of viscous latex 
influx and its interface meniscus with silicone oil; 
 
 
Figure 4.1.  The schematic diagram of phloem turgor pressure probe 
 
In the turgor pressure measurements, the coarse bark was firstly slightly scraped 
with a blunt knife. Then, using a specially modified micro cork borer (made from a 
hypodermic injection needle (14#) with the tip removed and modified (Hammel 
1968), a small hole of approximately 2-3mm in depth was punctured down to the 
hard wood of the bark to ensure the penetration of  the whole phloem. The borer 
can bring bark debris out when it is removed to lower the risk of system blockage 
without damaging the xylem. Following the withdrawal of the borer, the 
micropipette tip of the PTPP was immediately installed tightly into the hole. The 
latex will flow out rapidly from many severed laticifers into the PTPP system and 
pressurize the silicon oil inside it. An immediate, rapid and smooth rise of pressure 
could, therefore, be monitored and recorded continuously with a pressure 
transducer (26PCFA6D, Honeywell, Germany) and data logger (92101 Sensor-
interface, Burster, and Germany) to monitor the pressure change. During the 
measurement, the pressure inside the system could be changed while the latex 
exudation from the wounded laticifers was slowed, stopped or reversed by adjusting 
the micrometer screw at the end of the probe. The reliability of the measured turgor 
pressure could also be confirmed by a relaxation (suction) drop and a subsequently 
quick recovery of the pressure by adjusting the micrometer screw because the H. 
brasiliensis laticifer is a large reservoir of latex. 
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To make an accurate measurement, the system must be air tight without any leakage 
between the bordering of bark and PTPP. Ethylcyanoacrylate adhesive (795, 
Permabond Inc.) was spread at the connection of the micropipette tip and the tree 
bark and then CSA-NF accelerator (Permabond quick filler setter, Permabond Inc.) 
was sprayed to make the adhesive cure as quickly as possible.  
 
To test the reliability of PTPP, the phloem turgor pressures in some cases were also 
measured with the traditional micropipette tip manometer (MTM) constructed from 
a micropipette tip and glass capillary as described in Milburn and Ranasinghe 
(1996). A small hole was bored into the bark (but not into xylem) with a needle 
having a similar diameter to the MTM tip. A manometer was then quickly inserted 
into the hole and sealed with little adhesive around the pipette allowing the latex 
exudation to flow into the MTM compressing the inside air column. Once the latex 
column in the capillary was stabilized, which took about 4-20 min as suggested by 
Buttery and Boatman (1966), the turgor pressure could be calculated from the initial 
and final lengths of air column within the tube according to the Boyle’s law 
(
2211 VPVP  ). Three to five manometers were employed but only the maximum 
pressure was used as the best estimation for each observation because there were 
sources of error falling in the observed pressure and the mean was not the best 
estimate of the true pressure (Buttery and Boatman 1966). 
 
Since the phloem turgor pressure measured with the PTPP and micropipette tip 
manometer (MTM) showed comparable results after the validation of the newly 
developed PTPP technique, the PTP was measured by either PTPP or MTM 
according to their merits. For multiple time measurements, the PTP was monitored 
with the PTPP method because it was more reliable and less harmful to the tree 
bark, while for single measurements, the PTP was determined by the MTM method 
due to its convenience of installation. The PTPs were measured at 1m height above 
ground within the original bark in the early morning (before sunrise) unless noted.  
 
4.3.2 Xylem sap flow rate 
 
The xylem sap flow rate was measured using a FLGS-TDP sap velocity system 
(Dynamax, USA) according to the manufacturer’s instruction. The measurements 
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were made at 1.3 m from the ground with a 5 cm in length probe. The data log 
interval was 5 min. 
 
4.3.3 Tree girth, latex yield, latex flow rate, total solid content and dry rubber 
content 
 
The rubber tree girth was measured at 1m above the ground with a tailor’s tape. The 
latex yield was determined by the volume of harvested latex during its designated 
flow durations or after exudation ceased. The latex flow rate at each period was the 
collected latex volume divided by its flow duration. The latex total solid content 
(TSC) and dry rubber content (DRC) were determined according to the protocol of 
Xiao (2005).   
 
4.3.4 Statistical analysis 
 
Statistical analyses were performed using the Data Processing System software 
v11.0 as described in Chapter 3.4 using Duncan’s one-way ANOVA testing 
(P<0.05). 
 
4.4 Real-time measurement of phloem turgor pressure with phloem turgor 
pressure probe	
4.4.1  Reliability of the phloem turgor pressure probe  
 
Figure 4.2 shows a field set up (A) and a typical result (B) for the Hevea phloem 
turgor pressure measurement using a PTPP. It can be seen that the PTPP was easy 
to install and manipulate. After its insertion, the phloem turgor pressure would increase and 
balance in minutes. Then, it could sensitively monitor the real time variation of 
phloem turgor pressure for several hours with only one puncture. When a relaxation of 
the pressure was performed to adjust the sap/oil meniscus by rotating the screw 
micrometre, a distinct turgor pressure drop could be identified. Maintaining the 
meniscus at the position, the phloem turgor pressure could at most times be recovered 
quickly close to the original value, demonstrating the high sensitivity of the system. 
However, the system also had the risk of being blocked by latex coagulation.  
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Figure 4.2.  Field setup (A) and a typical phloem turgor pressure measurement (B) 
of PTPP. The phloem turgor pressure probe was developed from the state of the art 
cell pressure probe with some modifications (see methods). With a special holder, 
it can be easily installed and manipulated. By rotating the nut of the screw 
micrometre, a relaxation is made to adjust the sap/oil boundary and a distinct turgor 
pressure fall (spikes in the Figure 4.2B) can be identified. However, maintaining 
the meniscus at the position, the phloem turgor pressure can quickly recover to its 
former value. By this means, the probe blockage and the measured pressure can be 
verified. If coagulation is identified, a new puncture will be required (the pressure 
measurement interruption in the Figure 4.2B). 
 
A
B
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Therefore, the measured value should frequently validated by back-pressure 
relaxations during the measurement. If the measured value drops dramatically or it 
cannot recover close to its original value, a new puncture and measurement is 
needed. 
 
To further validate the measurements with the newly developed PTPP, they were 
compared with the values measured with micropipette tip manometer (MTM) 
which is a streamlined method with the most acceptable accuracy according to 
Milburn and Ranasinghe (1996). Table 4.1 shows that no significant difference 
could be identified between these two methods. It is therefore concluded that PTPP 
is a reliable technique for measuring the phloem turgor pressure of H. brasiliensis. 
 
Table 4.1.  Phloem turgor pressures measured with the phloem turgor pressure 
probe (PTPP) and Micropipette tip manometer (MTM) method (MPa). 
 Regenerated bark Original bark 
 PTPP MTM PTPP MTM 
tree1 0.867 0.871 0.791 0.786 
tree2 1.016 1.011 1.014 1.012 
tree3 0.680 0.680 0.732 0.726 
tree4 0.762 0.756 0.744 0.742 
Mean 0.831 a 0.830  a 0.820 a 0.817  a 
Notes: PTPP represents the phloem turgor pressure probe method and MTM 
represents the micropipette tip manometer method. Same superscript at upper-right 
of the means denotes no significant difference (p＜0.05) could be identified 
between different methods. For the MTM measurements, up to five manometers 
were inserted to tree bark at the same height to the PTPP measurement and, the 
maximum value was used as the final result. For the PTPP measurements, the 
phloem turgor pressure was directly read after the equilibrium pressure reached. 
 
Even though the phloem turgor pressures measured with these two methods are 
comparable, the newly developed PTPP method has the following advantages: 
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(1) The system is filled with silicon oil and constructed with a transparent 
micropipette, it can greatly improve the air tightness and usability. The 
dimethyl silicone oil filled in the probe is an anti-coagulant insoluble and 
unmixable with latex. It is also low in compressibility. Thus, the PTPP can 
respond to turgor pressure change promptly and measure the phloem turgor 
pressure for several hours. 
(2) The micropipette can be easily replaced after a measurement. It is also cone 
shaped so that the air tightness is greatly improved.   
(3) Since the system measures the real-time phloem turgor pressure for several 
hours at a single puncture, it causes little damage to the tree and limited 
disturbances to the phloem turgor pressure measurements. 
(4) The exudation from the wounded laticifers can be slowed, stopped or 
reversed in measurements by adjusting the micrometre screw, thus, the 
measured turgor pressure can be repeatedly measured and verified.  
 
Nevertheless, there are still several points to be kept in mind:  
 
(1) It is more suitable for a long period real-time measurement, especially when 
the phloem turgor pressure changes rapidly; 
(2) The pressure probe can be blocked by the coagulation of latex inside. 
Therefore, the measured value should be frequently validated by relaxation 
verification;  
(3) The measured phloem turgor pressure is derived from a group of laticifer 
vessels. Therefore, it is more precise to say that it is the phloem turgor 
pressure or phloem hydrostatic pressure rather than laticifer turgor pressure 
that is measured; 
(4) There might be a possible escape of latex at the junction of laticifers 
themselves; 
(5) Latex has viscoelastic properties, whether these properties will affect the 
relaxation and afterward measurements requires further investigation; and 
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(6) Although the PTPP provides an additional confidence for accurately 
measuring the real-time phloem turgor pressure of woody plants, whether it 
could be used in other plants needs to be further investigated. 
 
4.4.2  Real-time measurement of diurnal phloem turgor pressure variation 
 
The diurnal rhythm of phloem turgor pressure measured on a typical day (Figure 
4.3) showed that the phloem turgor pressure was normally between 0.7 to 1.2 MPa 
over the course of a day and had a daily variation in the daylight for PR107 rubber 
trees in summer. The phloem turgor pressure decreased sharply after sunrise (at 
about 5:30 am) with the onset of transpiration and reached its minimum value at 
12:00 pm to 14:00 pm when stomatal transpiration was most active. The phloem 
turgor pressure then recovered gradually to the maximum and stabilized from 21:00 
pm to 5:00 am due to the reduction in transpiration. These results are consistent 
with those of Buttery and Boatman (1964, 1966) and confirmed the applicability of 
PTPP in the long time phloem turgor pressure measurement.  
 
Conventionally, the rubber tree tapping is performed from 2:00 am to 6:00 am 
(Priyadarshan 2011). This time arrangement is, however, inconvenient to the 
tappers and also appears not to be ideal for latex exudation from trees that are tapped 
later in the tapping task. As the PTP reaches maximum around 21:00pm and 
stabilizes by midnight (dependent on individual trees and seasonal variations), latex 
tapping could be moved ahead to midnight or even earlier in the night to achieve 
the maximum latex yield of the whole tapping task and also provides more 
favourable timing for the workers. This proposal is supported by the variation of 
latex yields according to tapping time, where tapping between 20:00 pm and 7:00 
am produced a maximal and constant latex yield, while during the day the latex 
yield would gradually decrease to a minimum (70% to the maximum) at around 
13:00 pm (Paardekooper and Sookmark 1969). 
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Figure 4.3.  Diurnal variation of phloem turgor pressure on PR107 rubber trees in 
summer. Measurements were made in June and August, 2011 on four trees, only 
one typical result was shown due to their similar tendency in the diurnal rhythm. 
The Figure presented here is redrawn based on the on-line measurement data by 
deleting the relaxation validation data and some distinct outliers, same case applies 
to the following PTPP measurements. 
 
The diurnal change in phloem turgor pressure could be ascribed to the daily 
variation of leaf transpiration. Although it has been suggested that the withdrawal 
of water from phloem to xylem by transpiration probably resulted in the daily 
variation of phloem turgor pressure, the kinetics of phloem turgor pressure and 
transpiration rate have not been measured simultaneously (Buttery and Boatman 
1964, 1966; Pakianathan 1977; Milburn and Ranasinghe 1996). The reverse change 
of phloem turgor pressure (Figure 4.4A) and xylem sap flow rate (Figure 4.4B) on 
the same trees both in the foliation and defoliation seasons confirmed that. In the 
daylight of foliation season, the phloem turgor pressure changed inversely with the 
daily rhythm of sap flow rate although they were not in a synchronous fluctuation. 
Nevertheless, at night and in the defoliation season, where the sap flow was not 
very active, the phloem turgor pressure was quite high and stable. These results 
suggest that the comparison of phloem turgor pressures among different clones and 
treatments is preferably performed at night during the foliation season or during the 
defoliation season, in order to eliminate the diurnal effects. Therefore, the following 
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measurements of phloem turgor pressures were mostly performed in defoliation 
season or early in the morning (before sunrise).   
 
 
5
6
7
8
9
10
11
12
08:00 12:00 16:00 20:00 24:00 04:00 08:00 12:00 16:00
0
1
2
3
4
5
6
 
Ph
lo
em
 tu
rg
or
 p
re
ss
ur
e 
(0
.1
M
Pa
)
 Aug, 2011
 Feb, 2012
 
 
Sa
p 
flo
w
 ra
te
 (k
g/
h)
Time of the day (hh:mm)
 
Figure 4.4. Diurnal variation of phloem turgor pressure (A) and sap flow rate (B). 
Measurements were made in both foliation (Aug, 2011) and defoliation (Feb, 2012) 
seasons. The phloem turgor pressure and sap flow rate were simultaneously 
measured on four same PR107 rubber trees. Sap flow rates were measured at 1.3 m 
height with a data log interval of 5 min while real-time phloem turgor pressure was 
determined at about 0.6 m height. Values shown are the means from four trees. 
 
4.4.3  Real-time measurement of phloem turgor pressure after tapping 
 
A typical real-time measurement of the phloem turgor pressure subjected to tapping 
is shown in Figure 4.5. Once rubber trees were tapped, the phloem turgor pressure 
declined immediately from approximately 1.0 MPa to 0.2 MPa, due to the opening 
of the severed laticifer vessels. After 8 - 45 min, the phloem turgor pressure 
A 
B 
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increased gradually as the plugging of laticifer vessels and the influx of water 
compensated the exudation of latex. This result is in agreement with the manometer 
measurements of phloem turgor pressure by Buttery and Boatamn (1967) and 
Yeang (2005) and, is supported by the dendrometric measurement of diameter 
variations before and after tapping (Gooding 1952b). These results further validate 
the accuracy of PTPP and indicates that the plugging of laticifer vessels comes into 
effect 8 - 45 min after the tapping although it begins from the initial latex flow 
(Southorn 1969; Yeang 2005). 
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Figure 4.5. Real-time measurement of phloem turgor pressures subjected to tapping. 
The measurement was made at 6:30am in the morning at a PR107 clone rubber tree. 
The upward arrow indicates the time of tapping and the downward arrow indicates 
the stoppage of latex flow.  
 
To further confirm the measured phloem turgor pressure after tapping and to 
examine whether the recovery of phloem turgor pressure was accompanied by a 
laticifer plugging, a re-tapping experiment was conducted. For these experiment 
trees were tapped only once, the phloem turgor pressure (Figure 4.6A) began to 
recover about 20 min after tapping and latex flow rate (Figure 4.6B) decreased with 
time. For the re-tapping trees, if the re-tapping was too close to the first tapping, i.e. 
5 min, neither the phloem turgor pressure (Figure 4.6C) nor the latex flow rate 
(Figure 4.6D) would be affected. However, if the re-tapping was performed 15, 30
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Figure 4.6. Change of phloem turgor pressure (A, C) and latex flow rate (B, D) 
after tapping and re-tapping. Experiment was performed on four trees but only one 
typical measurement was shown. Arrows indicate the tapping time. 
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or 60 min after the former tapping, the phloem turgor pressure decreased and the 
latex flow rate increased compared with the value before re-tapping. These results 
further validated the accuracy of our PTPP, while also confirmed that the laticifer 
vessel plugged after tapping. It is notable that the extent of the decrease and 
recovery of the phloem turgor pressure in the subsequent re-tappings were quite 
limited in comparison with the first tapping. This might be due to the depletion of 
latex in the severed laticifer vessels. The commencement time of phloem turgor 
pressure recovery varies with rubber tree clone, environmental conditions, and 
stimulation. Further experiments are required to investigate these relationships. 
 
4.4.4  Height difference of phloem turgor pressure 
 
Latex is the rubber-containing cytoplasm synthesized in the specialized non-
photosynthetic laticifer network in the secondary phloem of H. brasiliensis. Sucrose 
is the substrate for latex biosynthesis (Dusotoit-Coucaud et al. 2009). According to 
the widely accepted mass flow theory, photosynthetic allocation of sucrose to the 
latex-producing tissue in the tapped tree will depend on the supply of sucrose from 
leaves to the consuming tissue under the osmotically generated turgor pressure 
gradients (Dinant and Lemoine 2010). However, this pressure flow theory still 
requires strong experimental validation (Knoblauch and Oparka 2012). The mass 
flow theory is controversial because the measured turgor pressure gradients are not 
always available to drive phloem flow and, it is also not scaled to plant size 
(Turgeon 2010; Knoblauch and Oparka 2012). An accurate technique to measure 
the real-time phloem turgor pressure is necessary to validate or refute the mass flow 
theory. However, the existing methods, including the best established aphid stylet 
method, could not be used in the real-time measurement of phloem turgor pressure 
at the sink tissues, especially for tree trunks. 
 
To test the mass flow theory, the height difference of real-time phloem turgor 
pressure was simultaneously measured at the 0.5m and 1.5m above ground in 
CATAS 8-79 rubber tree bark using our newly developed apparatus. It can be seen 
from Figure 4.7 that the phloem turgor pressure at a lower height (50cm from 
ground) was marginally greater than that at an upper height (150cm from ground). 
CHAPTER 4 
  
91 
 
A turgor pressure gradient of 0.01-0.02 Mpa/m could be identified from the basal 
to the distal end of the trunk. Additionally, the phloem turgor pressures at different 
heights changed in a very similar pattern. These results are in agreement with the 
turgor pressure gradients reported by Buttery and Boatman (1964, 1966) but do not 
support the mass flow theory.  
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Figure 4.7. Height difference of phloem turgor pressures on H. brasiliensis. The 
measurements were made from 3 individual CATAS8-79 rubber trees, data 
illustrated are the simultaneously measured value at 0.5 m and 1.5 m height barks 
from one tree because other measurements are essentially similar. 
 
Buttery and Boatman (1964, 1966) ascribed the contradiction in pressure gradient 
to the anatomy of rubber tree bark. They believed that the phloem turgor pressure 
measured with manometer mainly derived from the laticifer vessels instead of 
conducting sieve element; it did not necessarily reflect the conditions of transloctary 
phloem system. However, the measured phloem turgor pressure changed with 
xylem sap flow rate (Figure 4.4) and leaf water deficit (Buttery and Boatman 1964, 
1966). Also, girding could induce an ultimate increase of turgor pressure at just 
above the ring (Buttery and Boatman 1967). Therefore, the contribution of sieve 
elements and laticifers to the measured phloem turgor pressure and also their 
equilibrium and regulation in the phloem require further studies. Although the 
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measured turgor pressure in H. brasiliensis is not situated in the translocatory 
phloem, there is a certain relationship among them (Pickard 2008). The novel 
devised PTPP is useful for investigating the overall water relationship of rubber 
trees, practically their phloem water exchange. Additionally, it provides some 
confidence to accurately measure the phloem turgor pressure of woody plants, 
which is essential to test the mass flow theory. 
 
Conventionally, rubber trees are opened at a height of 1.3-1.5 m and then tapped 
downward (Priyadarshan, 2011). Considering that there exists a 0.01~0.02 MPa/m 
turgor pressure gradient from the basal to distal laticifer vessel of the stem, it is 
suggested that rubber trees could be tapped from the base of the trunk. Several 
benefits can be achieved by doing this:  
 
(1) It can facilitate the transport of photosynthates to the rubber tree tapping cut 
as there is neither any bark-island effect nor injury to the cambium; 
(2) It can increase the latex production for the early production period due to 
the phloem turgor pressure at the lower height of the trunk being higher than 
that at the upper height; 
(3) It can promote rubber yield from every tapping because the majority of latex 
flow upon a tapping is derived from the bark above the tapping cut (Tupy 
1973a)  and, it can enhance the latex supply source by eliminating the latex 
arrival barrier incurred by the upper regenerating bark; and 
(4) A higher yield can be obtained over the lifespan of the trees because the 
virgin bark could be harvested up to 2.3 - 3.0m height and longer 
exploitation of the virgin bark could be achieved.  
 
This controlled upward tapping (CUT) or inclined upward tapping (IUT) system 
had been proposed for use in some rubber cultivation countries such as Malaysia, 
India and China (Sivakumaran et al. 1985; Lin et al. 2002; Mu et al. 2006; 
Obouayeba et al. 2008; Dey and Thomas 2011). It has previously been found that 
the upward tapping system could increase rubber tree latex production by 34%-45% 
(Thankamma 2000), and also promote an increased response to hormone 
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stimulation (Sivakumaran et al. 1985) but diminish the incidence of tapping panel 
dryness syndrome by 33.3% (Thankamma 2000). Surprisingly, although this 
tapping system was proposed nearly twenty years ago, it has only been studied 
sporadically. The PTP results support the advantages of the previously reported 
CUT/IUT tapping system and highlight its potential through large-scale 
implementation to increase rubber production. 
  
4.5 Relationship of phloem turgor pressure with rubber tree girth, age and 
yield potential 
 
4.5.1  The relationship of phloem turgor pressure with tree age and girth 
 
Buttery and Boatman (1966) showed that there was no relationship between phloem 
turgor pressure and tree girth. However, it is observed that the latex yield is quite 
limited in the first several years after planting and increases with age and girth for 
almost all of the rubber clones in the early period of its lifespan (Gonçalves et al. 
2005; Karunaratne et al. 2005; Obouayeba et al. 2012). To further investigate the 
relationship between rubber tree phloem turgor pressure and age and girth, 
CATAS7-33-97 rubber trees aged from 2 to 17 years were selected (year 2 to year 
7 trees were not yet opened). Their phloem turgor pressure and girth at 1m height 
were determined in the early morning (before sunrise) in March, 2012 on the 
original bark.  
 
Figure 4.8 illustrates that both phloem turgor pressure and tree girth increased with 
rubber tree age in the first 8 years of growth. Phloem turgor pressure increased 
markedly with age before it reached maximum at 8 years old, while it would not 
significantly increase after that although the growth in girth could be still identified. 
When data fitting was performed, it was found that both age based mean phloem 
turgor pressure (PTP, MPa) and girth (G, cm) increased with age (Y, years) 
logarithmically following the functions PTP=0.465ln(Y)-0.042 (R2=0.870, P<0.001) 
and G=25.765ln(Y)-2.698 (R2=0.981, P<0.001) respectively. Meanwhile, there was 
a significant logarithmic relationship of PTP=0.696ln(G)-1.771 (R2=0.932, 
P<0.001) between the mean of phloem turgor pressures and the mean girth (G) for 
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the same aged rubber trees. However, the logarithmic increase in phloem turgor 
pressure with girth could not be detected within each group of trees of the same age 
with different girths (Figure 4.9). This is the reason that Buttery and Boatman (1966) 
could not identify an increase in phloem turgor pressure with tree girth for the same 
aged clone of RRIM501 and PB86 which had a girth range of between 42.9 and 
77.7 cm. These results indicate that the phloem turgor pressure is mainly governed 
by the development of laticifer vessels with age because Gomez (1982) found that 
the development of laticifer vessels is a clonal characteristic and highly determined 
by the age of the planting material. Another possibility for the stabilization of 
phloem turgor pressure at an age of eight years is that the rubber trees older than 8 
years were all subjected to tapping. Buttery and Boatman (1966, 1967), however, 
found no major effects of long-term regular tapping on phloem turgor pressure. 
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Figure 4.8. Variation of phloem turgor pressure and girth with rubber tree age. 
Different lowercase and capital letters indicate the ANOVA comparison results of 
girth and phloem turgor pressure at 5% level, respectively. 
 
It is a regular practice that rubber trees be opened at a girth of 50 cm, measured at 
1m above the ground, normally at around six years of age. After extensively 
studying the influence of age and girth at opening on rubber yield, latex 
physiological parameters and tapping panel dryness incidence,  Obouayeba et al. 
(2002; 2012) suggested that six years after planting was the best age to start tapping 
since it was a good benchmark of rubber tree physiological maturity. However, 
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based on the variation of phloem turgor pressure with planting age, it is proposed, 
at least for the CATAS7-33-97 rubber clone, that the optimal opening age is eight 
years after planting because the stabilization of phloem turgor pressure at that age 
indicates the maturity of phloem structure which is critical to sustainable latex 
production. Furthermore, it is commonly accepted that the later the rubber tree is 
opened the lower the risk of rubber tree tapping panel dryness syndrome 
(Krishnakumar and Jacob 2006).  
 
 
Figure 4.9. Variation of phloem turgor pressures with girth in different aged 
rubber trees 
 
4.5.2  The relationship of phloem turgor pressure with the age of regenerated 
bark 
 
Phloem turgor pressure for the virginal rubber tree barks increases logarithmically 
with their planting age. However, the development of laticifer vessels from vascular 
cambium is accelerated for mature rubber trees; they are therefore better equiped to 
produce new tissues in response to tapping injury (Gomez 1982). In order to 
examine the change of phloem turgor pressure with the age of the regenerated barks, 
phloem turgor pressure was measured on 18-year-old PR107 rubber trees that had 
been subjected to eleven years of tapping.  
 
As observed in Figure 4.10, the phloem turgor pressure of the one-year old 
regenerated bark was significantly lower than that of regenerated barks of other 
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ages and the virginal bark. The phloem turgor pressure of regenerated barks 
generally did not change markedly after one year. This change pattern corresponds 
to the fact that the number of rubber tree laticifer vessel rows reaches their original 
level after one year’s renewal (Gomez 1982). Consequently, the regenerated bark 
could be re-tapped one year after its renewal. However, the thickness of the bark 
should also be considered. 
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Figure 4.10. Variation of phloem turgor pressures with the age of regenerated bark. 
OB represents the original bark. Different lowercase letters indicate the ANOVA 
comparison results of phloem turgor pressures at 5% level. 
 
4.5.3  The correlation of phloem turgor pressure with rubber tree yield 
potential 
 
Buttery and Boatman (1966) reported that the phloem turgor pressure in rubber 
clones RRIM501 and PB86 were significantly different. It is therefore presumed 
that the phloem turgor pressures are characteristically varied among different 
rubber tree clones. Interestingly, no further detailed investigations have been 
described until now. In order to examine the variation of phloem turgor pressures 
among different rubber tree clones and scrutinize the relationship between phloem 
turgor pressure and rubber tree yield potentials, fifteen 1981 IRRDB rubber tree 
germplasm resources were selected according to their yields.  
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Figure 4.11 shows that phloem turgor pressures were significantly different among 
Hevea germplasm resources.  The phloem turgor pressure was positively related to 
latex yield (y, g·tree-1·tapping-1)  (y=0.1287x+2.2937, R2=0.8092, p<0.0001), 
which suggests that the phloem turgor pressure could be a potential yield evaluation 
parameter for rubber tree germplasm resources, although some germplasm 
resources, such as GP105, GP41, GP123 and GP43, deviated from the regression 
distinctly. However, as studies showed that phloem turgor pressure increased with 
rubber tree planting age (4.5.1), whether this correlation exists in the immature 
rubber tree germplasms and whether it could be used as an early evaluation 
parameter for rubber tree yield assessment need to be further examined. 
 
 
Figure 4.11. Correlation of phloem turgor pressure and latex yield for 15 Hevea 
germplasm resources. The trees were 1981 IRRDB rubber tree germplasm 
resources with RRIM600 as a reference. The bud-grafted trees were planted in the 
same field in 1987 at the experimental farm of Chinese Academy of Tropical 
Agricultural Sciences, and had not been regularly tapped. The germplasm resource 
names are indicated near their data. The phloem turgor pressures were measured 
with MTP method at 1.0m height in the defoliant season of February, 2012. 
Measurements were made on at least 4 trees with each has more than 4 replications. 
The germplam resourses were selected due to their difference in yields according 
to Zeng et al. (2006). 
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4.6  Effect of Ethrel stimulation on phloem turgor pressure 
 
4.6.1 Effect of Ethrel stimulation on the in situ phloem turgor pressure 
 
The effect of Ethrel stimulation on rubber tree phloem turgor pressure was 
examined on the defoliated PR107 rubber trees because this could eliminate the 
impact of leaf transpiration. It can be observed in Figure 4.12 that Ethrel slightly 
increased the phloem turgor pressure just after its application. However, no 
significant difference was found up to 25 h across the whole measurement course.   
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Figure 4.12. Variation of phloem turgor pressure after Ethrel stimulation. One gram 
of 2.5 % (w/w) Ethrel in carboxyl methyl cellulose (CMC, 1%) was applied in a 
5cm band immediately above the tapping at time 0, after that the phloem turgor 
pressure was continuously measured for about 10h followed by 3h in the next day. 
Phloem turgor pressures are the means from 3 individual trees. 
 
In another experiment, the initial phloem turgor pressure, rubber tree latex yield, 
latex water content solid content and latex flow duration were compared between 
the control and 24 h Ethrel stimulation trees (Table 4.2). It confirmed that Ethrel 
stimulation did not significantly change the initial phloem turgor pressure and 
consequently, the initial latex flow rate. These results are consistent with those 
described by Buttery and Boatman (1967) showing that 2,4,5-T has no effect on the 
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phloem turgor pressure but contradictory to Pakianathan (1977) and Yeang (2005)’s 
observations that phloem turgor pressure was decreased by Ethrel stimulation. This 
is probably due to the difference in stimulation history or the measuring time after 
Ethrel stimulation of the plant materials. However, the diverse responses of various 
rubber clones to Ethrel stimulation could not be excluded.  
 
Table 4.2.  Effects of Ethrel stimulation on initial phloem turgor pressure, latex 
yield and other latex flow parameters. 
 24h after ET CK 
Initial phloem turgor pressure  (MPa) 1.11±0.26a 1.05±0. 49a 
Latex yield  (mL) 52.47±6.15 a 35.93±7.45b 
Initial flow rate  (mL/min) 1.79±0.28a 1.4±0.38a 
Flow duration   (min) 123.75±19.10a 93.25±11.47b 
Total solid content (%) 47.2±1.17a 49.26±0.51b 
 
Note: Data presented are the mean ± standard deviation (n=4). The lowercase letters 
at the upper right indicate the ANOVA comparison results of various treatments at 
5% level. ET trees were brushed with 1 g of 2.5 % (w/w) Ethrel in carboxyl methyl 
cellulose (CMC, 1%) on the tapping panel 24h before the tapping, while 1 g of 1% 
CMC only was applied 24 h before the tapping for CK trees. 
 
4.6.2 Effect of Ethrel stimulation on the phloem turgor turgor pressure after 
tapping 
 
The maintenance or even decrease of initial phloem turgor pressure suggests that 
the phloem turgor pressure contributes very little to the high latex yield promoted 
from the Ethrel. Therefore, the significant increase of latex yield by Ethrel 
stimulation could be ascribed to its effects on the significant decrease of latex total 
solid content and increase of latex flow duration (Table 4.2) rather than initial 
phloem turgor pressure. Nevertheless, it is still notable that the phloem turgor 
pressure for the Ethrel stimulated trees droped more and remained at a lower level 
for a longer duration after tapping (Figure 4.13). This is probably a direct 
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consequence of latex dilution and laticifer vessel plugging postponement by Ethrel 
stimulation (D'Auzac et al. 1989; Jetro and Simon 2007; Tungngoen et al. 2009; 
Zhu and Zhang 2009). Due to the latex being diluted with the application of Ethrel 
stimulation, its fluidity will be increased and more latex will flow out upon opening 
of the laticifer vessels. As a result, a more substantial phloem turgor pressure drop 
will be observed. Meanwhile, as the phloem laticifer vessels are recalcitrant to 
plugging following Ethrel stimulation, the lower phloem turgor pressure could be 
maintained for a longer duration. Therefore, not only the initial phloem turgor 
pressure before tapping but also its kinetic change after tapping are linked with the 
rubber tree yield. 
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Figure 4.13. Variation of phloem turgor pressures in the latex flow course for the 
rubber trees with or without Ethrel stimulation. One gram of 2.5 % (w/w) Ethrel in 
carboxyl methyl cellulose (CMC, 1%)   or 1 g of 1% CMC only were brushed 
immediately above the tapping cut 24h before the tapping for ET or CK trees 
respectively. Arrows indicate the stoppage of latex flow after tapping. 
Measurements were made on four trees but only one typical result is shown. 
 
4.7 Conclusions 
 
A novel phloem turgor pressure probe capable of measuring the variation of real 
time phloem turgor pressure was developed. The changes of phloem turgor pressure 
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with time of day, height, rubber clone, tree age and girth, bark age, tapping and 
Ethrel stimulation were investigated and the optimization of tapping system in 
accordance with the variations in phloem turgor pressure was proposed. It is 
observed that: 
 
(1) the daily change of phloem turgor pressure in the foliation season showed 
that high phloem turgor pressure under low transpiration can ensure a high 
latex yield, implying that tapping could be moved forward to midnight or 
earlier in the night;  
(2) the decrease of phloem turgor pressure from the basal to the distal of the 
stem proved the benefit of a controlled upward tapping system;  
(3) the logarithmic increase in phloem turgor pressure with rubber tree planting 
age and age based mean girth suggests that the preferred age for the 
commencement of  tapping is eight years;  
(4) the change of phloem turgor pressure with the age of regenerated barks 
suggests that  the regenerated bark could be exploited again from the second 
year;  
(5) phloem turgor pressure is positively related to the yield potential of rubber 
clones and could serve as an indicator for rubber tree latex yield; and 
(6) Ethrel stimulation could not significantly increase the initial phloem turgor 
pressure of a rubber tree. However, it delays the recovery of phloem turgor 
pressure after tapping due to the significant dilution of latex and 
postponement of laticifer plugging.  
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CHAPTER 5:   THE DILUTION OF LATEX IN THE TAPPING 
FLOW COURSE 
 
5.1 Introduction 
 
The latex harvested from each tapping of the rubber tree (Hevea brasiliensis) is the 
cellular cytoplasm of the articulated laticifer system (D'Auzac et al. 1989). The 
latex accumulated in the intact laticifer system is well equilibrated under a turgor 
pressure as high as 1.0 MPa (Yeang 2005). Once laticifer vessels are tapped or 
punctured, a progressive dilution of latex exudation will be observed in the latex 
flow course until a slight increase of total solid content at the end of flow cessation. 
This phenomenon was well documented (Frey-Wyssling 1932; Gooding 1952b) 
and termed as the “dilution reaction” by Frey-Wyssling (1932).  
 
By measuring the latex dilution reaction at increasing distance with a micro-
puncture sampling method during the latex flow, Gooding (1952b), De Jonge 
(1955), and Lustine et al. (1967) further proved the in situ latex dilution after 
tapping and correlated it with the tapping induced trunk diameter contractions. It is 
suggested that tapping-induced latex dilution reaction is a cause of latex flow 
extension during the second stage of latex flow. The latex dilution reaction can 
decrease latex viscosity, extend latex drainage area and prevent laticifer vessels 
from collapse and, therefore facilitate latex flow (D'Auzac et al. 1989). However, 
the underlying mechanism of latex dilution reaction during the tapping flow and the 
relationship between latex dilution reaction and phloem turgor pressure has not 
been experimentally examined. 
 
The latex dilution reaction has been suggested to be caused by the “osmotic suction 
power of latex” (Arisz 1928; Frey-Wyssling 1932). According to this theory, the 
internal turgor pressure nearest the wound is locally reduced to an atmospheric 
pressure, while the turgor pressure in the surrounding tissues of the tree is not 
influenced at the instant incision of laticifer vessels. The laticifer vessels tend to 
collapse and force their inner cytoplasm out under the turgor pressure difference 
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along the laticifer vessels and the power exerted by the surrounding cells that are 
still turgid. Due to the existence of latex cohesion, a rapid displacement of liquid 
molecules occurs along the laticifer vessels extending the release of internal laticifer 
turgor pressure (Riches and Gooding 1952). The fall in turgor pressurewill result in 
a quick increase of suction pressure at immediate the cut, leading to a water inflow 
into the laticifer vessels from surrounding intact cells whose suction pressures have 
not been affected. The latex near the end of the laticifer vessel cut is consequently 
diluted.  
 
The change of phloem turgor pressure is linked to the phloem water balance. When 
a rubber tree is just tapped, the loss of fluid from the latex outflow is too great to be 
compensated by water inflow. The turgor pressure therefore, drops dramatically 
after tapping (Buttery and Boatman 1967). After several minutes, the latex 
exudation from the tapping cut recedes gradually due to the plugging of the severed 
laticifer vessels (D'Auzac et al. 1989; Yeang 2005). When the rate of water inflow 
into latex vessels exceeds the rate of latex exudation from the tapping cut, the 
phloem turgor pressure rises. Although Riches and Gooding (1952) and Gooding 
(1952a, 1952b) have proved the general picture of latex dilution reaction by 
measuring the latex TSC and tree diameter contraction, the relationship among latex 
dilution, osmotic potential and phloem turgor pressure during the tapping flow 
course has not been examined experimentally due to the inability to reliably 
measure real-time turgor pressures prior to and following the tapping at a single 
puncture. Moreover, the cause of water movement into laticifer vessels is still 
questionable because the rapid water molecule movements into plant cells could 
not be explained by simple diffusion. It is controlled by the membrane specific 
water channel — aquaporins (Kaldenhoff and Fischer 2006; Hachez and Chaumont 
2010). 
 
Aquaporins are ubiquitous water channel proteins embedded in intracellular and 
plasma membranes regulating rapid and transmembrane water flow (Kaldenhoff 
and Fischer 2006). Although some researchers have inferred that aquaporins 
probably played a critical role in the rapid equilibration of phloem intracellular 
water and turgor pressure (Patrick et al. 2001; Knoblauch and Peters 2010), no 
CHAPTER 5   
104 
 
aquaporins localized in plant stem sink have been reported before the identification 
of HbPIP2;1 in the stem liber of H. brasiliensis (Tungngoen et al. 2009). Therefore, 
the relationship between latex dilution reaction, aquaporin expression profile, and 
turgor pressure during the tapping flow period has not been investigated. 
 
In this study, the expression pattern of aquaporins in different latex flow fractions 
and their connections with latex total solid content, osmotic potential, latex flow 
kinetic and phloem turgor pressure change are scrutinized. It aims to examine the 
role of aquaporins in the mechanism of latex dilution reaction, rubber tree phloem 
turgor pressure regulation and Ethrel induced latex yield promotion. 
 
5.2 Plant materials and Ethrel treatments 
 
CATAS 7-33-97 or PR107 rubber clones were used for as the plant material. The 
rubber trees were cultivated in 2002 and regularly tapped for 3 years with the 
tapping system of s/2 d3 (tapping every 3 days with half spiral) without Ethrel 
stimulation. Ethrel treatment of the trees was performed as that described in Chapter 
4.2.3. 
 
5.3 Methods 
 
5.3.1 Rubber latex yield, total solid content and latex flow rate  
 
The latex yield was determined by the volume of harvested latex during its 
designated flow duration. The latex flow rate at each period was the collected latex 
volume divided by its flow duration. The latex total solid content (TSC) was 
calculated according to the protocol of Xiao (2005).   
 
5.3.2 Latex osmotic potential  
 
0.5mL of latex from each of the latex fractions was taken and centrifuged for 30min 
at 12000 rpm. The osmotic potential of latex serum was then determined with a 
vapour pressure osmometer (model 5520, Wescor) as described in Milburn and 
Ranasinghe (1996)  
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5.3.3 Phloem turgor pressure measurement 
 
The real time variation of phloem turgor pressure was measured with the phloem 
turgor pressure probe technique that was developed and as decribed in Chapter 4.3.1.  
 
5.3.4 Aquaporin expressions 
 
Latex fractions were collected at the tapping flow course of 0-5min, 5-15min, 15-
30min, 30-60min and 60-90min from PR107 rubber trees according to the kinetic 
of latex flow and phloem turgor pressure change. Latex total RNAs were isolated 
using the method described in Tang et al. (2010) and RNA purities and 
concentrations were confirmed with a spectrophotometer (DU-70, Beckman, USA). 
Template cDNAs were then synthesized by reversely translating the isolated RNAs 
with PrimeScript RT reagent kit (Takara, Dalian, China) after removing the 
genomic DNA. Subsequently, the aquaporin expressions were assayed as described 
in Chapter 3.3.6 using the gene specific primers outlined in Table 3.1. 
 
5.3.5 Statistical analysis 
 
Statistical analyses were performed as described in Chapter 3.4  
 
5.4 Roles of phloem turgor pressure change in latex dilution reaction 
 
5.4.1 The latex dilution reaction in the latex flow course 
 
The dilution reactions of rubber tree latex during the tapping flow course have been 
reported in both the latex sampled from tapping cut (Frey-Wyssling 1932; Gooding 
1952b; Pakianathan et al. 1966) and the in situ latex sampled by the micro-tapping 
method (Ferrand 1941; Gooding 1952a, 1952b). The dilution reactionsvary with 
sampling position (distance to cut, orientation), tapping history and tapping time 
(Gooding 1952b). Therefore, it is necessary to confirm the latex dilution reaction 
in the experimental rubber trees. As the in situ latex drops (limited to the first 5-6 
drops) collected by micro-tapping are too little in amount, they are not suitable for 
the use in the gene expression assay. The latex samples were therefore, taken from 
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the tapping cut latex exudation every 5, 10 or 20 minutes during the tapping flow 
course. It is observed in Figure 5.1 that the latex TSC declined markedly from 35.5% 
to about 33.1% in the 0-30 min latex flow fractions. It stayed almost constant in the 
30-45 min latex fractions and gradually increased to 37.2% until the end of tapping 
flow. There was a distinct dilution and a stabilising, followed by a concentration of 
latex during the tapping flow course. This latex dilution pattern is consistent with 
that of Frey-Wyssling (1932), Ferrand (1941), Gooding (1952b) and Pakianathan 
et al. (1966) in rubber trees, Zimmermann (1957a, 1962) in Fraxinus Americana 
and Milburn (1974) in Ricinus communis. It therefore confirmed the tapping 
induced latex dilution reaction in the latex collected from the latex flow of PR107 
rubber clone tapping cut.  
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Figure 5.1. A typical measurement of latex dilution reaction during the tapping 
flow course of unstimulated rubber trees. The latex samples were collected from 
the tapping cut flow of PR107 rubber trees at 5, 10 or 20 minutes intervals 
depending on the latex amount. The latex flow velocity is the ratio of collected latex 
volume and its flow duration, the TSC and osmotic potential are values measured 
for the corresponding latex fraction. Measurements were made on three trees, 
however only one typical result is illustrated since the trend is similar, and means 
cannot give a good trend of each parameter.  
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5.4.2 Relationship between latex dilution reaction and change in phloem 
turgor pressure  
 
The water balance between the intact laticifer vessels and surrounding tissues is in 
equilibrium. Upon tapping, the turgor pressure of the severed laticifer vessels near 
the tapping cut will reduce to atmospheric pressure. Immediately, a turgor pressure 
difference about 0.8 MPa between the nearby laticiferous vessels and the cut itself 
is established (Figure 5.1), resulting in the expulsion of latex and the change of 
laticifer water relationship. However, although latex osmotic potential and laticifer 
turgor pressure are essential elements to determine laticifer vessel water relation, 
they have never been measured synchronously (D'Auzac et al. 1989). 
 
To better understand the mechanism involved in latex dilution reaction and propose 
a rational sampling frequency and time for the following experiments, the latex flow 
rate, TSC, latex osmotic potential and turgor pressure kinetics were simultaneously 
measured in the tapping latex flow course. The result shows that in corresponding 
to the latex TSC change, the latex osmotic potential increased from -0.84 MPa to -
0.80 MPa during the 0 - 30min latex flow fractions and stayed almost constant. 
After 95 min, the latex osmotic potential decreased continually to -0.9 MPa until 
the cessation of latex flow (Figure 5.1). However, for the phloem turgor pressure, 
it abruptly dropped from 0.81 MPa to 0.31 MPa at 5cm below the tapping cut after 
tapping and remained steady from 0 - 22 min. After that, although the phloem turgor 
pressure rose continuously, the value did not exceed 0.681 MPa in the measurement, 
which is much lower than the phloem turgor pressure before tapping (Figure 5.2). 
The measured phloem turgor pressures are mainly from laticifer vessels (Buttery 
and Boatman 1964, 1966) and the decrease in turgor pressure is much larger than 
latex osmotic potential. Therefore, these results suggest that tapping-induced turgor 
pressure release is the main incentive of water influx to laticifer vessels which will 
subsequently decrease latex water potential and dilute latex, whereas osmotic 
potential change is a consequence of latex dilution.  
 
As the maximum drop of laticifer turgor pressure occurs firstly near the tapping cut, 
the water influx induced maximum latex dilution is identified very close to the 
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tapping cut or even at the tapping cut itself (D'Auzac et al. 1989). This water influx, 
however, also accelerates the recovery of laticifer turgor pressure once its velocity 
exceeds the latex exudation rate. This may be the reason that the measured turgor 
pressure at 5 cm beneath the tapping cut was relatively higher than that at 25 cm 
below the tapping cut from 25 min after tapping (Figure 5.2). Therefore, the phloem 
turgor pressure is an indicator of the rubber tree phloem water relationship. To 
determine the latex sample frequency in the tapping latex flow course, the kinetics 
of the laticifer turgor pressure need to be considered. 
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Figure 5.2. Kinetics of phloem turgor pressure at different distances below the 
tapping cut of unstimulated rubber trees. Measurements were made synchronously 
with two phloem turgor pressures on the same tree as Figure 5.1  
 
5.5 Stimulatory effect of Ethrel on latex dilution reaction  
 
It is conclusive that Ethrel stimulation can dilute latex, increase latex flow duration 
and therefore, increase latex yield (D'Auzac et al. 1997). Nevertheless, the dilution 
of latex by Ethrel stimulation can occur either in situ prior to tapping or during the 
tapping flow course. To investigate the influence of Ethrel stimulation on the latex 
dilution reaction and its contribution to the Ethrel induced latex TSC decrease, the 
tapped latex TSC, osmotic potential and turgor pressure kinetics were 
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simultaneously measured after the trees were applied with 2.5% Ethrel stimulation 
on the tapping cut (Figure 5.3).  
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Figure 5.3.  Kinetics of phloem turgor pressure (A), total solid content (B), latex 
flow velocity (B) and osmotic potential (C) after tapping for the Ethrel stimulated 
trees. Measurements were performed 24 h after the application of 2.5% Ethrel just 
above the tapping cut. The latex samples were collected from the tapping cut flow 
of PR107 rubber trees at 1, 2, 5, 10 or 20 minutes intervals depending on the latex 
amount. The notions of latex flow velocity, total solid content and osmotic potential 
are outlined in Figure 5.1. Three measurements were made on three trees but only 
one typical result was shown. 
 
It can be observed that the variation patterns of laticifer turgor pressure, latex TSC 
and latex osmotic potentials for the trees without (Figure 5.2) and with Ethrel 
stimulation (Figure 5.3) were not changed much except a delayed restoration upon 
Ethrel stimulation. The latex flow velocity decreased progressively. The recovery 
of phloem turgor pressure at 5 cm beneath the tapping cut was markedly delayed 
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from 22 min (Figure 5.2) to 40 min (Figure 5.3A) after tapping and the recovery of 
phloem turgor pressure at 25 cm beneath the tapping cut was similarly deferred 
from 30 min (Figure 5.2) to 55 min (Figure 5.3A) after tapping when the tree was 
subjected to Ethrel stimulation. Corresponding to the change of phloem turgor 
pressure, the latex TSC (Figure 5.3B) at low values and the latex osmotic potential 
(Figure 5.3C) at high values were all prolonged for a reasonable longer duration, 
resulting in a prolonged latex flow although the flow rate (Figure 5.3B) was 
relatively low in contrast with the normal un-stimulated trees (Figure 5.1). 
Therefore, Ethrel stimulation can lengthen the latex dilution and maintain the latex 
flow (although at a low flow rate) for a longer period to increase latex yield. The 
prolongation of phloem turgor pressure at a low value is probably resulted from a 
delay of laticifer plugging by Ethrel stimulation. However, as the mechanism of 
latex coagulation is unclear (D'Auzac et al. 1997; Priyadarshan 2011), more work 
is required to further understand the underlying mechanism of Ethrel stimulation. 
 
By comparison of the phloem turgor pressure kinetics with or without Ethrel 
stimulation (Figure 5.4), it is found that the commencement of phloem turgor 
pressure recovery after tapping was deferred from 8-15 min to up to 45 min by an 
Ethrel application. Therefore, the sampling frequencies for the aquaporin 
expression experiment were designated according to the variation of laticifer turgor 
pressure, latex physiological parameters and latex volume:  
 
(1) the 0-5 min latex flow fraction, which is related to the latex initial flow rate 
and maximum latex dilution;  
(2) the 5-15 min latex flow fraction, as the phloem turgor pressure begins to 
recover at this time for the trees without Ethrel stimulation; 
(3) the 15-30 min latex flow fraction in which most of Ethrel treated trees begin 
to recover their phloem turgor pressures; 
(4) the 30-60 min latex flow fraction, as the phloem turgor pressure has partially 
recovered and become stable for the tree without Ethrel stimulation, also 
latex is concentrated in this duration;  
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(5) the 60-90 min latex flow fraction, in which the phloem turgor pressure 
recovery for the Ethrel stimulated trees is deferred, and the latex flow 
stopped for most of the unstimulated trees.  
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Figure 5.4.  Typical kinetics of phloem turgor pressure after tapping for the trees 
with (ET) or without Ethrel stimulation (CK). The CK tree was a normal tapping 
tree, while the ET tree was subjected to 2.5% Ethrel stimulation 54 hours before 
tapping. The tapping time was aligned to the CK tree measurement time at 20 min. 
The upward arrows indicate the tapping time and the downward arrows indicate 
the cessation of tapping latex flow. 
 
5.6 Change in aquaporin expression during latex flow course 
 
In the latex dilution reaction, the latex is quickly diluted in the early stage of the 
tapping follow, then the TSC becomes nearly constant followed by a latex 
concentration at the last part of tapping flow (Figure 5.1 and Figure 5.3) (Gooding 
1952a, 1952b). The kinetics of latex TSC indicate an alteration of water exchange 
between laticifer vessels and surrounding tissues. There is firstly an inflow, then 
equilibrium and finally an outflow of the laticifer vessels water relationship during 
the tapping flow course. Both the water flow rate and flow orientation are changing 
in this process. Since laticifer vessels and their surrounding tissues are devoid of 
plasmodesmata connection (de Faÿ et al. 1989), the rapid and large amplitude water 
flow into or out of laticifer vessels are via the PIP aquaporins channels. To 
investigate the relationship between the latex dilution reaction and aquaporin 
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expression during the tapping latex flow period and, examine the effect of Ethrel 
stimulation on them, different latex fractions were collected according to the 
kinetics of latex flow, latex TSC and phloem turgor pressure.  
 
Figure 5.5 shows that although some information had been masked by the longer 
sampling duration when compared to Figure 5.1 and Figure 5.3, the dilution 
reaction could still be observed. The latex dilution reactions for the CK and ET trees 
exhibited a similar trend although the dilution degree in the ET tree was smaller. 
The latex TSCs from the 15 - 30 min fractions for the CK trees and from the 30-60 
min afterward fractions for the ET trees decreased significantly up to 5% in 
comparison with the 0 - 5 min latex fractions, which implied the dilution of latex. 
In agreement with the decrease of TSC in different latex fractions, the dominant 
functional PIP aquaporins in latex, viz. HbPIP1;4, HbPIP2;1 and HbPIP2;3 were 
significantly up-regulated by 1.26 to 6.85 fold from the 5 - 15 min or 15 - 30 min 
latex fractions (Table 5.1) suggesting the association of aquaporins with the latex 
dilution reaction. Meanwhile, due to the early up-regulation of HbPIP1;4, 
HbPIP2;1 and HbPIP2;3 by Ethrel application (Table 5.1), the HbPIP2;1 and 
HbPIP2;3 expressions in the corresponding latex fractions were generally 
significantly higher (Table 5.1), and the latex TSCs were generally significantly 
lower in the ET trees in comparison with the CK trees (Figure 5.5). This confirms 
the involvement of aquaporins in the Ethrel-induced latex dilution and the latex 
dilution reaction. It is notable that the relative lower degree of latex dilution for the 
ET trees during the tapping flow course is consistent with its comparatively lower 
up-regulation of aquaporins in the subsequent latex fractions due to its relatively 
higher basal aquaporin expressions in comparison with CK trees. 
 
Patrick et al. (2001) has suggested that aquaporins provide fine control for rapid 
phloem water fluxes, osmotic buffer and phloem translocation. However, this 
conjecture has not been conclusively tested by experiment. No aquaporin localized 
in the plasma membranes of plant sink tissues has been reported prior to the 
identification of HbPIP2;1 in the stem liber of H. brasiliensis (Tungngoen et al. 
2009). To the best of our knowledge, the current work is the first study to show the 
relationship among aquaporin expression, phloem water relationship and phloem 
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turgor pressure regulation. The rapid up-regulation of these aquaporins could 
facilitate the water exchange between laticifer vessels and surrounding tissues and 
can therefore, contribute to the latex dilution reaction and turgor pressure recovery 
during the tapping flow course. However, the regulation of aquaporin includes both 
abundance regulation and activity gating (Chaumont et al. 2005; Hachez and 
Chaumont 2010). Wan (2004) found that a turgor pressure pulse larger than 0.1 
MPa could inhibit the aquaporin water channel activity of maize roots. If the turgor 
pressure pulse is between 0.1-0.2 MPa, the inhibition is not reversible; while if it 
exceeds 0.2 MPa, the inhibition is not reversible without the presence of 500 nM 
ABA. Upon tapping, the drop of turgor pressure is as large as up to 1.0 MPa 
(Buttery and Boatman 1967; Yeang 2005). If the abrupt turgor pressure drop upon 
tapping could inhibit the water channel activity of HbPIP1;4, HbPIP2;1 and 
HbPIP2;3, then whether the aquaporin activities can be reversed and whether the 
inhibition of these aquaporins need to be compensated by their overexpression are 
complicated open questions.  
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Figure 5.5. Variation of total solid content in different fractions of latex after 
tapping. One gram of 2.5 % (w/w) Ethrel in carboxyl methyl cellulose (CMC, 1%) 
was applied at just the tapping cut 24 h before tapping for the ET trees, whereas 1 
g of 1% CMC without Ethrel was applied in the same manner as ET treatment for 
the CK trees. Data are the means ±SD (n=3). The numbers in the horizontal axis 
indicate the duration for latex collection. Different letters imply the significant 
difference at P<0.05 (Duncan, one-way ANOVA). 
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The phloem turgor pressure changes within minutes, in response to stimuli (Gould 
et al. 2004; Gould et al. 2005) and osmotic shock (Bisson and Beilby 2002). 
However, this change will be restored very rapidly (Gould et al. 2004; Gould et al. 
2005; Knoblauch and Oparka 2012). Hill et al. (2004) has suggested that aquaporins 
may serve as a turgor sensor in contact with cell walls. The pressure sensing signal 
in the fall of turgor pressure towards the state of plasmolysis can be amplified or 
attenuated by the up- or down-regulation of the aquaporins involved, and contribute 
to the restoration of turgor (Hill et al. 2004). Even though it is not known whether 
the water channel activity of HbPIP1;4, HbPIP2;1 and HbPIP2;3 is changed by 
the latex dilution reaction in this study, the change patterns of latex TSC, osmotic 
potential, phloem turgor pressure and aquaporin expressions suggest that the 
transcript change of HbPIP1;4, HbPIP2;1 and HbPIP2;3 are involved in the latex 
dilution reaction and turgor pressure kinetic during the tapping flow course. 
 
Table 5.1.  Relative transcript expressions of dominant aquaporins during the 
latex flow course 
Latex fractions HbPIP1;4 HbPIP2;7 HbPIP2;1 HbPIP2;3 
CK 
0-5min 1.00 ± 0.05 e 1.01 ±0.08 b 1.07 ± 0.28 d 1.00 ± 0.04 d
5-15min 0.85 ± 0.07 e 1.02 ±0.08 b 1.60 ± 0.29 cd 2.38 ± 0.20 bc
15-30min 1.76 ± 0.18 c 1.88 ±0.22 a 2.68 ± 0.34 bcd 2.14 ± 0.16 c
30-60min 2.15 ± 0.02 b 1.26 ±0.08 b 2.64 ± 0.27 bcd 2.88 ± 0.15 bc
60-90min 1.38 ± 0.10 d 0.91 ±0.09 b 6.85 ± 0.67 a 5.54 ± 0.27 a
ET 
0-5min 1.14 ±0.12d e 0.98 ±0.12 b 3.31 ± 0.92 bc 2.65 ± 0.16 bc
5-15min 1.97 ± 0.06 bc 0.90 ±0.11 b 3.78 ± 0.55 b 3.10 ± 0.04 b
15-30min 2.18 ± 0.11 b 2.07 ±0.15 a 7.00 ± 0.68 a 6.07 ± 0.53 a
30-60min 2.21 ± 0.06 b 1.25 ±0.08 b 5.81 ± 1.02 a 5.41 ± 0.06 a
60-90min 3.51 ± 0.18 a 1.05±0.06 b 5.89 ± 0.41 a 5.67 ± 0.31 a
 
Note: the ET trees were brushed with 1 g of 2.5 % (w/w) Ethrel in carboxyl methyl 
cellulose (CMC, 1%) at just the tapping cut 24 h before the tapping, while the CK 
trees were only brushed 1 g of 1% CMC in the same manner as ET treatment. Latex 
collection durations are signified in the second column. The relative gene 
expressions were calculated by using HbYLS8 as the housekeeping gene and CK 0-
5min latex fraction as the calibration sample. All qRT-PCR assays were conducted 
in triplicate. Data are presented as Mean±SD (n=3). Different letters in the same 
column indicate the significant difference at P<0.05 (Duncan, one-way ANOVA). 
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5.7 The mechanism of latex dilution reaction in the tapping flow course and 
the effect of Ethrel 
 
The mechanism of latex dilution reaction was firstly proposed by Arisz (1928) and 
has been critically summarized by Frey-Wyssling (1932), and Riches and Gooding 
(Riches and Gooding 1952; Gooding 1952b). It was believed that the “suction 
power” which is actually the water potential difference between the laticifer inner 
and outside cytoplasms, is the cause of dilution reaction. Also, it has been suggested 
that in Fraxinus americana (Zimmermann 1957a, 1962) and Ricinus communis 
(Hall and Milburn 1973), the latex dilution reacion is simply an osmotic operated 
dilution. The general picture of the latex dilution mechanism is acceptable. 
However, it is worth noting that the water potential of laticifer vessels that is the 
ultimate determinant of water movement is determined by latex osmotic potential 
and laticifer turgor pressure. As the osmotic potential and phloem turgor pressure 
during the tapping flow course have not been simultaneously measured, the 
proposed mechanism has not been experimentally examined.  
 
Figure 5.1 to Figure 5.2 showed that the osmotic potential during the tapping flow 
course increased by no more than 0.1 MPa. Compared to the decline of turgor 
pressure that was up to 0.5 MPa, its increase was much lower. Therefore, the rapid 
drop in phloem turgor pressure upon tapping should be the primary cause of laticifer 
water potential drop and consequently the latex dilution reaction. Indeed, the 
change in osmotic potential is actually a consequence of the change of laticifer 
water movement because if the osmotic potential is a cause of water influx into the 
laticifer vessel, its value should decrease to facilitate the water influx into laticifer 
rather than increase at the early stage of tapping flow.   
 
Based on the measured latex TSC, osmotic potential and phloem turgor pressure, it 
is suggested that the laticifer water equilibrium during the tapping flow course can 
be divided into three different stages. In the intact latex vessels, the water 
relationship between laticifer vessels and surrounding tissues is well equilibrated. 
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The laticifer fluid cytoplasm, latex, is under a turgor pressure of 0.6-1.0 MPa 
(Figure 5.6A) (Buttery and Boatman 1966; D'Auzac et al. 1989). Upon tapping, the 
phloem laticifer vessels connected by anastomosis are breached, resulting in a 
sudden drop of local laticifer turgor pressure from as high as 0.6-1.0 MPa (Buttery 
and Boatman 1966; D'Auzac et al. 1989) to the atmospheric pressure. Immediately, 
a water potential difference between the severed laticifer vessels and their 
surrounding tissues, caused by the considerable laticifer turgor pressure decrease, 
will establish and extend gradually along the laticifer tubes (Figure 5.6B). This will 
lead to a rapid and considerable water influx via cell membranes to the laticifer 
vessels. The latex is therefore diluted and latex osmotic potential increased. After a 
few minutes, with the plugging of laticifer vessels and the recession of latex flow 
rate, the water entering into laticifer vessels will exceed latex flow rate leading to a 
recovery of laticifer turgor pressure. When the latex osmotic potential and laticifer 
turgor pressure increase to a certain level, a metastable equilibrium in water 
potential between the inner and outside of laticifers is established near the tapping 
cut, leading to the stabilising of the TSC of latex exudation (Figure 5.6C). However, 
due to the dilution of latex in distal tissues, the latex osmotic potential and laticifer 
turgor pressure continue to rise. The water potential in the laticifer vessels will 
therefore exceed that of the cells closer to the tapping cut, leading to a reverse water 
flow from laticifers to the neighbouring tissues. The latex exudation from the 
tapping cut is consequently concentrated (Figure 5.6D). The latex osmotic potential 
decreases with the latex concentration, while the laticifer turgor pressure recovers 
slowly until a new equilibrium similar to the intact laticifer vessels is attained. 
Therefore, the first stage latex flow is rapidly diluted due to the abrupt and 
considerable drop of laticifer turgor pressure. The second stage latex TSC is nearly 
constant as the water potential between the laticifer vessels and their surrounding 
tissues is in a metastable equilibrium, and the water inflow and outflow are equal. 
While during the third stage, the latex is concentrated in response to the osmotically 
driven laticifer loading and water efflux.  
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Figure 5.6.  Schematic diagram showing the laticifer vessel water relationship 
during the tapping flow course. The laticifer vessels are displayed as simple pipes 
and the neighbouring parenchyma cells and vascular ray cells are depicted as 
squares with different sizes. Black lines, orange lines and green lines represent the 
cell walls, plasmalemma and tonoplast membranes respectively. Directions and 
intensities for the water and latex flows are indicated by solid and hollow arrows. 
Approximate values of osmotic potential (Ψs), turgor pressure (Ψp) and water 
potential (Ψw) are given in the schematic in ×0.1MPa based on the measured 
values. 
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This three-stage water relationship change is consistent with the latex TSC change 
during the tapping flow course that has been reported in this study (Figure 5.1 and 
Figure 5.3), and by Frey-Wyssling (1932), Gooding (1952b) and Pakianathan et al. 
(1966). It can be explained partially by the pressure-concentration wave mechanism. 
According to this mechanism, a local increase in latex TSC can lead to an increase 
in local turgor due to the influx of water. This turgor disturbance can be transferred 
as a pressure-concentration wave along the phloem vessels and can transiently 
increase the sap water potential. A water efflux will then occur, concentrating the 
present solutes until the restoration of new water potential equilibrium (Thompson 
2006; De Schepper et al. 2013). Although a drop in phloem turgor pressure occurs 
firstly upon tapping, the general map of turgor pressure and latex concentration 
change is similar to that described in this mechanism. Therefore, the pressure-
concentration wave mechanism applies to the latex concentration and phloem 
turgor pressure regulation of H. brasiliensis after the tapping. In addition, as the 
specific water channels embedded in the laticifer plasma membranes, PIP pathway 
is the only way for rapid water exchange between laticifers and their surrounding 
tissues. It is suggested that aquaporins are involved in this process. 
 
5.8 Conclusions 
 
The latex TSC, osmotic potential and phloem laticifer turgor pressure change 
during the tapping flow course were simultaneously measured. The mechanism of 
latex dilution reaction was for the first time experimentally tested. It is found that 
there are three different stages for the laticifer water equilibrium during the tapping 
flow course. In the first stage, the latex is diluted since tapping induced rapid and 
considerable drop in laticifer turgor pressure leads to a drop of laticifer water 
potential and an influx of water to the severed laticifers from their surrounding 
tissues. However, the latex TSC remains constant in the second stage of tapping 
flow due to the initiation of a metastable water potential. The latex is concentrated 
in the third stage of tapping flow due to the relatively high water potential in the 
laticifer vessels in comparsion to their surrounding tissues. Tapping induced turgor 
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pressure drop is the elicitor of water influx to laticifer vessels but the water 
exchange in the second and third stage of tapping flow relies largely on an 
osmoregulation mechanism.  
 
Meanwhile, aquaporin expressions were, for the first time, investigated during the 
tapping flow course. The expression of HbPIP1;4, HbPIP2;1 and HbPIP2;3 is 
associated with the latex dilution reaction. However, as aquaporin regulations 
include both expression regulation and activity gating, more work is required to 
better understand their regulatory complexities during the tapping flow course. 
Ethrel stimulation can significantly dilute the corresponding latex fractions during 
the tapping flow course for its up-regulation of HbPIP1;4, HbPIP2;1 and 
HbPIP2;3.The latex dilution reaction pattern upon Ethrel stimulation is not changed 
except for a lower degree of latex dilution. The lower degree in latex dilution upon 
Ethrel stimulation is caused by its higher initial aquaporin expression, lower initial 
latex TSC and lower up-regulations of aquaporins during the tapping flow.  
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CHAPTER 6:   TAPPING INDUCED LOCAL LATEX 
CONCENTRATION AND THE EFFECT OF 
ETHREL STIMULATION ON ITS DILUTION  
 
6.1 Introduction 
 
Sap concentration gradients in the phloem of a plant, especially in trees, have 
attracted considerable research attention over the years (Tingley 1944; 
Zimmermann 1957b; Mittler 1958; Milburn 1974; Van Bel et al. 2013). Assimilates 
produced in the source (mainly leaves) are transported to the sink (such as roots, 
fruits and other growth and storage organs) under pressure differences between the 
production source and consumption sink (Knoblauch and Oparka 2012; De 
Schepper et al. 2013). The phloem sap concentration difference is the best 
indication of sieve elements pressure difference (Milburn 1974). Generally, the 
phloem solute concentration near the source is greater and falls closer to the sink 
(Zimmermann 1957a; Milburn 1974). However, a reverse osmotic concentration to 
the translocation direction has also been found in onion, potato, Ligustrum, 
Philadelphus, Bryophyllum and Byrnesi during their growth (Curtis and Scofield 
1933), and in Tropaeolum majus, Cucurbita and Cucumis from their young 
elongation region, rapidly growing fruits and wilting plants (Tingley 1944). 
Furthermore, phloem sap concentrations have been observed to be uniform in some 
plants such as salix (Mittler 1958), Yucca (Die and Tammes 1964), and Ricuns 
(Milburn 1972; Hall and Milburn 1973).   
 
The trunk of rubber trees allows for the study of phloem translocation of laticifers 
due to the cytoplasm property of latex located in phloem (Tupy 1973a) . 
Nevertheless, the latex exudation concentrations along rubber trees have not been 
extensively studied. Tupy  (Tupy 1973a)  reported a sucrose concentration decrease 
in the sugar translocation direction of virginal trees and a depression of sucrose 
content in the tapping affected area. However, as a special kind of laticifer vessel 
cytoplasm synthesized from sucrose, the latex harvested from each tapping is a 
colloidal suspension with a complex composition. It includes rubber particles (20-
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45%), vacuolysosomal lutoids (10-20%), Ferrey-Wyssling particles (1-3%), latex 
cytosol, and latex ribosome and polyribosome (D'Auzac et al. 1989). The existence 
of a vertical difference in latex total solid content (TSC) and its coordination with 
sucrose content changes along the rubber tree trunk has attracted little attention to 
date.  
 
A local increase in latex TSC (LILTSC) near the tapping cut of a regularly tapped 
tree was firstly reported by Gooding (1952a, 1952b) in examining the latex flow 
dilution reaction, however, no interpretation was given. Later, Mei and Wang 
(1978a) systematically examined the vertical variation of latex TSC below the 
tapping cut of tapped trees of different clones. Their work confirmed the LILTSC 
immediately under the tapping cut of regularly tapped rubber trees and termed it as 
the TSC reverse distribution (Mei and Wang 1978a). This terminology is not 
entirely appropriate, however, as the latex TSC has not been redistributed to a 
reverse pattern in the entire tree compared to its general gradients both in this study 
and their study. There is actually only a local increase in latex TSC near the tapping 
cut.  
 
The LILTSC near the tapping cut is probably a response of laticifers to regular 
tappings. How quickly after tapping the LILTSC begins to establish and the reason 
of its establishment, however remain unknown. In addition, although Mei and 
Wang (1978b) showed that Ethrel stimulation can reduce the LILTSC of a rubber 
tree, the underlying mechanism of Ethrel induced local latex dilution has not been 
incorporated.  
 
In this study, the latex TSCs along the rubber tree trunk were firstly determined on 
the successively tapped trees from their opening to investigate the formation of 
LILTSC near the tapping cut. The reduction of LILTSC by Ethrel stimulation and 
its association with aquaporin expression was then examined to further scrutinize 
the mechanism of Ethrel stimulated latex yield.  
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6.2  Plant materials 
 
The CATAS 7-33-97 rubber clone cultivated in the experimental farm of CATAS 
was used as the plant material for its high accessibility. The tapping system for these 
trees was S/2 d3 without Ethrel stimulation prior to our experiments. 
 
6.3 Sampling methods 
 
6.3.1 The confirmation and the formation of LILTSC 
 
Four of each group of aged trees with similar girth regularly tapped for 3 years (age 
10) and 1 year (age 8) respectively were selected to verify the LILTSC phenomenon, 
while four virginal trees with similar girth were used to study the formation of 
LILTSC. The latex samples were taken at around 6:30 am on the day before each 
tapping day. A cork borer, made from a hypodermic injection needle (14#) with its 
tip removed and modified, was punched down to the hardwood. Following the 
withdrawal of the borer, a micropipette tip was immediately inserted into the hole 
and a vial hanging on the tip was used to collect the latex exudations (Figure 6.1). 
The tapping cuts were 120 cm above ground for the 1-year-tapped trees and 110 cm 
above ground for the 3 year-tapped trees. The sample heights for the verification of 
LILTSC were 40, 20 and 10cm above the tapping cut, and 0, 10, 20, 30, 40, 60 and 
80 cm beneath the tapping cut. For the investigation of LILTSC formation, the 
sample points of 60 cm and 80 cm beneath the tapping cut were removed according 
to the preliminary results in order to lessen the subsequent damage to the trees.  
 
6.3.2 Effect of Ethrel on the reduction of LILTSC 
 
Four trees with similar girth and latex yield, which had been regularly tapped for 
one year, were selected to study the effect of Ethel stimulation on the reduction of 
LILTSC. The vertical variations of latex TSC at the tapped and un-tapped panels 
were initially measured with a needle puncture method.  One gram of 2.5 % (w/w) 
Ethrel in 1% CMC was brushed at the tapping cut and the vertical variations of latex 
TSC were measured again one-day, 7 days (after the 2nd tapping of Ethrel 
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stimulation) and 22 days (after the 7th tapping of Ethrel stimulation) after the Ethrel 
stimulation. 
 
 
Figure 6.1. Method used for collecting the latex along rubber tree heights. The 
latex samples were sampled at the deginated positions above (+) and below (-) the 
tapping cut with a needle puncture method. 
 
6.3.3 Effect of Ethrel on the aquaporin expressions at different distances to 
the tapping cut 
 
To investigate the effect of Ethrel on the expression of aquaporins along the trunk 
height, four CATAS 7-33-97 rubber trees aged 21-years-old that were cultivated in 
a reserved trial plantation without any tapping were used. The requirement for bark 
sampling can destroy the whole tree panel thus making it is impossible to carry out 
in a productive rubber plantation. The trees were successively tapped under the 
+40 cm 
 
 
+20 cm 
 
+10 cm 
 
  0   cm 
 
-10 cm 
 
-20 cm 
 
-30 cm 
 
 
-40 cm 
 
-50 cm 
 
-60 cm 
 
-80 cm 
CHAPTER 6 
  
124 
 
tapping system of S/2 d3 for 13 tappings before the first sampling of latex and bark 
samples for CK. Then the trees were again regularly tapped 3 times. After the 16th 
tapping, 1g of 2.5 % (w/w) Ethrel in 1% CMC was applied at just above the tapping 
cut about 36 hours before the ET sampling.  
 
The latex samples at different heights were collected as above using the needle 
puncture method. After discarding the first 3 drops, the latex was dripped straight 
into the sterilized vials containing 5 mL of 2×“fixation/extraction” buffer (50 mM 
Tris-HCl, 300 mM LiCl, 10 mM EDTA, and 10% SDS, pH 9.0) (Tang et al. 2007) 
and immediately transported to the laboratory for total RNA extraction.  
 
Barks along the rubber tree heights were sampled immediately after latex sampling. 
A stainless steel cork borer (12 mm in diameter) was punched up to the cambium. 
Pieces of barks were drawn out and quickly deep frozen in liquid nitrogen after 
peeling off the first 2 to 3 mm of the most outer layer of coarse bark. The bark 
samples were stored at -70 Ԩ until total RNA was extracted as described by Tang 
et al. (2010) 
 
6.4 Experimental methods 
 
6.4.1  Latex total solid content (TSC) 
 
After sampling, the latex was quickly transported to laboratory and latex TSCs were 
determined as described by Xiao (2005).  
 
6.4.2 Aquaporin expressions 
 
The expression of aquaporin genes (HbPIP2;1, HbPIP2;3 and HbPIP2;7) were 
assayed as described in Chapter 3.3.6 
 
6.4.3 Statistical analysis 
 
Statistical analyses were conducted as described in Chapter 3.4  
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6.5 The confirmation of LILTSC in the rubber trees of different tapping 
years 
 
The vertical variation of TSC along the trunk of rubber trees was firstly measured 
in the rubber trees regularly tapped for 3 years. Figure 6.2 shows that there was no 
significant difference for the latex TSC on the un-tapped panel. However, a local 
latex concentration could be identified on the tapped panel of tapped rubber trees 
between 20 cm above and 30 cm beneath the tapping cut. The latex TSCs at these 
points were also higher than the equivalent sampling position in the un-tapped panel. 
These results, therefore, confirmed the LILTSC near the tapping cut and indicated 
that the LILTSC might be caused directly by tapping. 
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Figure 6.2. Vertical variation of latex TSCs on the tapped side and un-tapped side 
of the 3-year tapped rubber trees. The tapping cut was 110 cm above ground. 
Positive values in the vertical axis represent the position above the tapping cut, and 
negative values signify the position beneath the tapping cut. Data shown are means 
- SD (n=4). Different letters indicate the significant difference at the level of 5% 
(Duncan, one-way ANOVA).  
 
CHAPTER 6 
  
126 
 
To further confirm the LILTSC phenomenon in younger tapped trees and 
investigate whether it changes with tapping age, the vertical variation of TSCs along 
rubber tree trunks was measured on the one-year-tapped trees and virginal (un-
tapped) trees in the same tapping task (some trees were not yet tapped due to their 
girth not reaching the tapping criterion). It can be observed in Figure 6.3 that the 
TSCs between the +20 cm and -30 cm of the tapping cut were again significantly 
high for the tapped side of one-year-tapped trees. Nevertheless, the latex TSCs in 
different heights of the un-tapped side were identical. Similarly, no significant 
difference in latex TSCs was found at different heights of virginal rubber trees. It 
can therefore be concluded that there is a local latex TSC increase between +20 to 
-30 cm of the tapping cut of a tapped tree and that the LILTSC is most likely caused 
by tapping.  
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Figure 6.3. Vertical variation of latex TSC on 1-year- tapped trees and virginal 
trees. The tapping cut was about 120 cm above the ground for the tapped trees but 
the tapping cut was just planned at 120 cm above ground for the virginal trees. Data 
are given as means - SD (n=4). Different letters indicate the significant difference 
at the level of 5% (Duncan, one-way ANOVA). 
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The LILTSC is similar in the one-year tapped trees and three-year tapped trees. This 
infers that the LILTSC on the tapping panel of different aged tapping tress is similar. 
However, as the four-year and older tapped rubber trees were tapped with Ethrel 
stimulation which will likely alter the LILTSC pattern (see 6.7), it was not possible 
to experimentally verify this. 
 
The variation of phloem sap concentration along plant trunk is controversial. The 
phloem assimilates are believed to be transported from source to sink under the 
osmotically generated turgor pressure gradients (Knoblauch and Oparka 2012; Van 
Bel et al. 2013; De Schepper et al. 2013). The phloem sap concentration difference 
is the best implication of sieve elements pressure difference (Milburn 1974), the 
phloem solute concentration is, therefore, generally believed to be greater near the 
source and lower towards the sink (Zimmermann 1957a; Milburn 1974). However, 
latex TSCs on the virginal rubber trees and on the un-tapped side of the tapped 
rubber trees are uniform in this study. This result does not support the mass flow 
theory and conforms to the studies in most plants (Tingley 1944; Mittler 1958; Die 
and Tammes 1964; Milburn 1972; Hall and Milburn 1973) where the phloem solute 
content appears to be longitudinally similar. Nevertheless, there is a LILTSC for 
the tapped-side of a tapped tree. This might be casued by tapping.  
 
6.6 The occurrence of LILTSC 
 
The LILTSC is likely to be a direct consequence of tapping. To confirm this and 
also to investigate how quickly the LILTSC will occur in the successive tappings, 
the vertical variation of latex TSC was continuously measured from prior to the 
commencement of tapping until the sixth tapping on four virginal rubber trees 
(Figure 6.4). It is found that although latex TSC decreased with successive tappings, 
the local latex TSC adjacent to the tapping cut was always higher than that at their 
nearby positions when the trees were tapped. The LILTSC started from the first 
tapping and gradually increased to a significant level after the fourth tapping. This 
therefore confirmed that the LILTSC is caused by tapping. 
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Figure 6.4. Change in latex TSCs along rubber trees with consecutive tappings. 
The vertical variation of latex TSC was consecutively measured on four virginal 
rubber trees one day before each tapings. Data correspond to means - SD (n=4). 
Different letters indicate the significant difference at the level of 5% (Duncan, one-
way ANOVA). 
 
Tappings can cause the LILTSC, while the increase in latex TSC reflects the 
acceleration of latex biosynthesis in the laticifers. The gradual formation of 
LILTSC near the taping cut can be partially ascribed to the activation latex 
metabolism by the tapping. Upon tappings, the sugar transport, ATP level, RNA 
level and enzyme activities in the rubber trees are significantly enhanced (Tupy 
1973a; D'Auzac et al. 1989; D'Auzac et al. 1997; Dusotoit-Coucaud et al. 2009; 
Tang et al. 2010). The dormant latex metabolism in the virginal rubber tree laticifers 
is therefore activated (D'Auzac et al. 1997), leading to the enhancement of rubber 
biosynthesises (Tupy 1973a; D'Auzac et al. 1997; Tang et al. 2010; Priyadarshan 
2011). Therefore, in the wounding response, the latex yield increases progressively 
CHAPTER 6 
  
129 
 
before attaining equilibrium (Chapter 3) (Sethuraj and Mathew 1992; Tang et al. 
2007; Priyadarshan 2011). However, in response to tappings, the regeneration of 
latex in different areas of the bark is activated differently (Buttery and Boatman 
1966; Luštinec et al. 1969; Pakianathan 1975). Since the latex metabolism activity 
adjacent to the tapping cut is higher than that in distant tissue, the latex regeneration 
near the tapping cut is more active (Pakianathan 1975; Tupý 1985; D'Auzac et al. 
1989), resulting in the LILTSC near the tapping cut. Tupy (1973a; 1985) and Silpi 
et al. (2004) reported a local depression of sucrose concentration at the sink region 
surrounding the tapping cut due to its sucrose utilization. In addition, Silpi et al. 
(2004) had identified a concurrent increase in inorganic phosphor content, which is 
an estimation of latex metabolic activity, near the tapping incision. As the 
biosynthesis of isoprene near the tapping cut is more active, more sucrose is 
transported to the tapping cut and utilized for the latex regeneration leading to the 
LILTSC. Similar results have also been reported in other plants. For example, 
Eklund and Little (1996) found that although there was no distinct concentration 
difference within most organs, significant phloem solute concentrations were 
detected in the young elongating regions and rapidly growing fruits of Tropaeolum 
majus, Cucurbita and Cucumis (Tingley 1944). Very steep concentration gradients 
have also been found in the leaf and root vicinities of Ricinus stem (Milburn 1974). 
 
In addtion, the formation of latex plug/coagulation upon tappings may also 
contribute to the LILTSC near the tapping cut of H. brasiliensis. The latex 
plug/coagulation at the tapping cut has been confirmed by experimentally studying 
the latex flow kinetics (Botaman 1966; Yeang 1986, 2005) and microscopically 
observing the bark histology after tapping (Southorn 1968a). However, the 
underlying mechanism is still controversial. Most researchers believe that the 
tapping-induced injury can release coagulants near the tapping cut which can 
therefore mediate the destabilisation of latex and impede latex flow (D'Auzac et al. 
1989; Yeang and Hashim 1996). The coagulum caps at the open extremity of 
laticifer tubes are as thin as 1 mm, and these will be removed when the laticifers are 
opened by tapping (Botaman 1966; Yeang 2005). If the severed laticifers are 
plugged by this mechanism, it might not be directly related to the formation of 
LILTSC, since the coagulum caps were normally removed with the tapped bark 
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slices. Hao et al. (2004) however, found that the gradually formed protein-network 
within and over the laticifer wounds played pivotal roles in the normal laticifer 
plugging. If the severed laticifers are plugged in this way, the meshes in the protein-
network can probably capture some macromolecules inside the latex and therefore 
contribute to the concentration of inside latex and dilution of latex exudation. The 
intact latex near the tapping cut is consequently concentrated in comparison to the 
distant latex. This interpretation is supported by the considerable increase in latex 
TSC after a re-opening of the tapping cut compared with the dilution of latex in the 
preceding tapping (Frey-Wyssling 1932). 
 
Although the above results demonstrate tapping-induced LILTSC surrounding the 
tapping cut, there are still some limitations in this study. Due to a significant latex 
dilution occurring during the latex exudation course (Chapter 5) (Frey-Wyssling 
1932; Gooding 1952b), the measured TSCs at different heights of the trees might 
be underestimated. Furthermore, since the latex TSC near the tapping cut is higher 
than that in distant tissues, the LILTSC might also contribute to the dilution reaction 
of latex in the tapping flow course. Although Frey-Wyssling (1932) showed that 
the latex TSC fluctuation during the tapping flow running is much bigger than the 
vertical variation of latex TSCs, a more precise sampling method enabling the in 
situ measurement of latex TSC is required. Nonetheless, since the latex samples 
were collected in the same way, the results can reflect, to some degree, the virtual 
height difference of latex TSC along rubber tree trunks. 
  
6.7 Ethrel dilution of local latex TSC 	
 
The application of Ethrel at the tapping cut can significantly dilute latex and prolong 
latex flow duration (D'Auzac et al. 1989; Zhu and Zhang 2009; Priyadarshan 2011). 
To examine the effect of Ethrel stimulation on the LILTSC, the vertical variation 
of latex TSCs along four one-year-tapped trees was measured before and after 
Ethrel stimulation (Table 6.1 and Figure 6.5). 
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 Table 6.1.  Vertical variation of latex TSCs before and after Ethrel stimulation 
Distance to the  
tapping cut 
(cm) 
TSC in untapped panel (%) TSC in tapping panel (%) 
untapped panel 
before ET 
untapped panel 1d 
after ET 
before ET 1d after ET 7d after ET after 22d after ET 
40 31.99  ±3.45  a 31.91 ±1.83 a  27.89 ±1.74 e 30.92 ±1.70 a 29.75 ±0.45 a 30.06 ±0.20 bc 
20 32.60  ±3.27  a 31.29 ±2.19 a  27.63 ±2.93 e 30.10 ±1.73 a 28.33 ±1.10 a 28.71 ±1.27 c 
10 --   -- -- 31.41 ±2.44 a  --  -- -- 29.24 ±1.26 a 27.88 ±1.52 a 28.61 ±1.01 c 
0 31.83  ±3.38  a 31.14 ±2.46 a  34.90 ±2.21 a 31.70 ±2.96 a 28.09 ±0.95 a 33.61 ±0.39 a 
-5 31.81  ±2.88  a 31.52 ±1.19 a  33.76 ±1.14 ab 31.86 ±2.50 a 28.25 ±1.33 a 33.36 ±0.28 a 
-10 31.41  ±3.97  a 30.57 ±1.28 a  33.99 ±1.49 ab 30.69 ±3.07 a 28.04 ±1.19 a 32.64 ±0.93 ab 
-20 31.46  ±2.48  a 30.46 ±1.95 a  33.22 ±2.64 abc 31.90 ±3.13 a 28.08 ±1.54 a 30.73 ±1.48 abc 
-30 30.56  ±2.37  a 30.04 ±1.71 a  28.91 ±2.64 de 30.34 ±3.48 a 28.51 ±1.01 a 31.10 ±2.68 abc 
-40 30.01  ±3.65  a 29.30 ±2.57 a  31.45 ±1.79 bcd 31.19 ±3.01 a 29.06 ±1.63 a 32.04 ±1.54 ab 
-60 29.92  ±1.27  a 28.97 ±1.75 a  30.31 ±1.62 cde 30.74 ±1.46 a 29.56 ±1.29 a 31.55 ±2.18 ab 
-80 31.38  ±2.02  a 31.48 ±1.65 a  31.58 ±1.94 bcd 31.02 ±2.44 a 29.95 ±1.14 a 32.72 ±2.21 ab 
 
Note : The vertical variations of latex TSC were consecutively measured one day before next tapping on four one-year-tapped CATAS 7-33-97 
rubber trees prior to or after Ethrel stimulation. Negative values of distance to the tapping cut represent the sampling point were beneath thte 
tapping cut. TSCs are given as means ± SD (n=4). Different letters in the same column indicate the statistic difference at P<0.05 (Duncan, one-
way ANOVA).
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Figure 6.5. Effect of Ethrel treatment on the vertical variation of latex TSCs 
along rubber trees. 
 
Table 6.1 and Figure 6.5 show that the application of 2.5% Ethrel could dilute the 
latex both in the tapped and untapped sides. However, maximum latex dilution 
located just near the tapping cut (+20 to -30 cm of the tapping incision). The 
LILTSC was markedly reduced 1d and 7 d after the Ethrel treatment and was re-
established 22 d after Ethrel stimulation. This pattern of change in LILTSC is in 
agreement with Mei and Wang (1978b) showing the latex TSC at 5cm beneath the 
tapping cut is markedly diluted from 2 to 12 d after Ethrel stimulation and again 
gradually restored to be higher than its vicinities 14 d after Ethrel stimulation. 
 
The response of latex yield upon Ethrel stimulation is linked to its impact on the 
change of LILTSC. In response to Ethrel stimulation, the latex yield increases as 
early as 5 hours after its application (Pakianathan 1977) and, generally reaches its 
maximum at 48-72 hours (D'Auzac et al. 1997) or 2-3 tappings after the stimulation 
(Mei and Wang 1978b). Then, the latex yield recedes to the level before Ethrel 
application after 6-10 tappings (Mei and Wang 1978b; Thao et al. 1998). This latex 
yield promotion pattern upon Ethrel stimulation (Figure 6.6) is in line with the 
dynamics of Ethrel decomposition into ethylene (Audley et al. 1976; Eklund and 
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Little 1996). Coincidently, it is also corresponding to the respite and re-
establishment of LILTSC after Ethrel stimulation (Figure 6.5). By studying the 
change of vertical latex TSCs and the dynamics of relative latex yield after Ethrel 
stimulation, Mei and Wang (1978b) found that the latex yield promotion upon 
Ethrel stimulation at each tapping changes conversely with the Ethel induced 
decrease in latex TSC ratio between 5cm and 25cm beneath the tapping cut. When 
the latex TSC ratio of 5cm/25cm is high, the latex yield is comparatively low; 
however, when the latex TSC ratio of 5cm/25cm is lowered, the latex yield will be 
increased. The maximum latex yield harvested after Ethel stimulation corresponds 
to the minimum TSC ratio of 5cm/25cm. The combination of these results suggests 
that the increase of latex yield by Ethrel application is associated with its reduction 
in LILTSC near the tapping cut. 
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Figure 6.6. Total harvested latex and dry rubber yields before and after Ethrel 
stimulation. Data are means ± SD (n=4). Different lower case and capital letters 
indicate the statistic difference at P<0.05 and P<0.01 (Duncan, one-way ANOVA). 
 
Although both tapping (Paranjothy et al. 1979; Sivakumaran et al. 1984; D'Auzac 
et al. 1993) and exogenous Ethrel application (Audley et al. 1976; D'Auzac et al. 
1993) can cause endogenous ethylene production, the latex TSC near the tapping 
cut responds differently to tapping and Ethrel stimulation. The endogenous ethylene 
induced by tapping and Ethrel application results in two concurrent effects: the 
increase in latex water content and increase in latex metabolism (D'Auzac et al. 
1993). The decrease of in situ latex TSC can generally activate the formation of 
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rubber (Arisz 1928; Schweizer 1949; Gooding 1952a). However, the ultimate latex 
TSC depends on both latex dilution and latex regeneration. Once the latex water 
content is elevated, the isoprene regeneration rate will be accelerated. If the 
isoprene biosynthesis rate exceeds the latex dilution, the ultimate latex TSC 
increases; otherwise the ultimate latex TSC decreases. Although ethylene can 
quickly translocate throughout the plant (Audley et al. 1976) because of its gaseous 
nature, ethylene cannot be transported in significant quantities along the plant 
(Yang and Hoffman 1984). Therefore, maximum ethylene release upon tapping 
(Paranjothy et al. 1979; Sivakumaran et al. 1984) and Ethrel application (Audley et 
al. 1976) occurs very close to the tapping cut and its physiological effects are 
exerted at or near the tapping cut. Since tapping traumas can result in a limited 
amount of ethylene production, the latex dilution near the tapping cut can be 
supressed by the elevated rubber regeneration provided there is a sufficient sucrose 
supply. Latex TSC near the tapping cut is therefore increased upon tapping. 
However, when the tapping cuts are treated with Ethrel, a very large amount of 
ethylene will be released near the tapping cut (Audley et al. 1976; Eklund and Little 
1996). The latex dilution is too large to be compensated by the latex regeneration 
because of the restriction factors of rubber biosynthesis, which will result in a 
respite or an elimination of LILTSC. Since the decomposition of Ethrel into 
ethylene decreases with its application duration (Audley et al. 1976), its impact on 
latex dilution will be gradually reduced, leading to the restoration of LILTSC. 
Besides that, tapping can cause both endogenous ethylene accumulation and sink 
effect (D'Auzac et al. 1997; Tang et al. 2010) while Ethrel application can only lead 
to an ethylene release. As many latex biosynthesis factors, such as sucrose transport 
(Tang et al. 2010), enzyme accumulation (D'Auzac et al. 1989; D'Auzac et al. 1997), 
are mostly activated by sink effect, the latex TSC near the tapping cut is therefore 
increased compared to Ethrel application.  
 
6.8 Vertically different responses of aquaporin expressions to the 
application of Ethrel 
 
The mechanism of Ethrel stimulation can be partially attributed to its reduction of 
LILTSC near the tapping cut. This implies that the latex was differently diluted 
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along the trees upon Ethrel stimulation where maximum latex dilution occurs near 
the tapping cut. Therefore, the vertical expression variations of functional PIP 
aquaporin genes were compared for the bark and latex samples before and after 
Ethrel stimulation. These functional PIP aquaporins include HbPIP1;4 (Wang et al. 
2014), HbPIP2;1 (Tungngoen et al. 2009) and HbPIP2;3 (Chapter 3). Table 6.2 
substantiates that Ethrel stimulation up-regulated the transcript expression of 
HbPIP2;1 and HbPIP2;3 in both latex and bark, and up-regulated HbPIP1;4 in 
latex. Meanwhile, it further shows that the maximum up-regulation of these genes 
by Ethrel stimulation was located near the tapping cut, where maximum ethylene 
release occurs. Besides the dilution of overall latex exudation, the Ethrel stimulation 
can more significantly dilute the latex near the tapping cut and can thus relieve the 
LILTSC near the tapping cut (Table 6.1 and Figure 6.5). However, with the 
decreasing decomposition of Ethrel into ethylene, the effect of Ethrel on the up-
regulation of aquaporins reduces; the water movement into laticifer vessels recovers 
to its normal level bringing a resurgence of LILTSC and the recession of latex yield 
to its regularly tapped tree level. This result therefore confirmed the involvement 
of aquaporins in the mechanism of Ethrel induced latex promotion.  
 
The relatively higher expression of aquaporins adjacent to the tapping cut of un-
stimulated trees also implies the involvement of aquaporins in latex metabolism and 
latex yield although no significant difference can be identified in most cases. 
Therefore, the mechanism of latex yield promotion by tapping and Ethrel 
stimulation can be summarised as follows: tapping and Ethrel stimulation cause 
endogenous ethylene production (Paranjothy et al. 1979; Sivakumaran et al. 1984; 
D'Auzac et al. 1993), which can up-regulate functional aquaporins (Chapter 3) 
(Tungngoen et al. 2009; Wang et al. 2014). Upon Ethrel application, the aquaporins 
are up-regulated and water movement into laticifers is facilitated; resulting in a 
dilution of latex and thereafter an activation of rubber biosynthesis or a respite of 
LILTSC, the latex yield is therefore increased. Nevertheless, with the decreasing 
decomposition of Ethrel into ethylene, the effect of Ethrel on the up-regulation of 
aquaporins reduces; the water movement into laticifer vessels therefore recovers to 
its normal level bringing into a resurgence of LILTSC and the recession of latex 
yield to its regularly tapped tree level. 
 
Chapter 6 
  
136 
 
Table 6.2.  Vertical variation of functional aquaporin gene expressions along rubber trees before and after Ethrel stimulation 
Distance to the 
tapping cut(cm) 
Latex   Bark 
HbPIP1;4 HbPIP2;1 HbPIP2;3   HbPIP1;4 HbPIP2;1 HbPIP2;3 
Before Ethrel 
stimulation 
(CK) 
40 0.94 ± 0.02 d 1.27 ± 0.35 d 1.76 ± 0.06 def  1.45 ± 0.23 abc 0.92 ± 0.02 d 0.98 ± 0.13e 
20 1.97 ± 0.03 cd 1.17 ± 0.25 d 1.70 ± 0.01 def  -- -- -- -- -- -- -- -- --
10 1.82 ± 0.04 cd 1.44 ± 0.11 d 5.09 ± 0.20 b  1.53 ± 0.07 abc 1.35 ± 0.30 bcd 2.71 ± 0.36bc
0 1.55 ± 0.02 d 1.60 ± 0.07 d 5.63 ± 0.29 b  1.81 ± 0.19 a 1.55 ± 0.14 bc 2.01 ± 0.03cd
-10 3.54 ± 0.45 b 1.56 ± 0.22 d 2.81 ± 0.16 cd  1.58 ± 0.20 ab 1.20 ± 0.16 bcd 3.54 ± 0.58ab
-20 3.38 ± 0.25 b 1.40 ± 0.09 d 3.28 ± 0.38 c  -- -- -- -- -- -- -- -- --
-40 1.72 ± 1.02 cd 1.09 ± 0.15 d 1.16 ± 0.01 f  1.45 ± 0.24 abc 1.61 ± 0.22 b 2.66 ± 0.21bc
-80 1.00 ± 0.00 d 1.02 ± 0.12 d 1.00 ± 0.02 f  1.03 ± 0.19 c 1.02 ± 0.14 cd 1.00 ± 0.06e 
36 h after 
Ethrel 
stimulation 
(ET) 
40 1.28 ± 0.18 d 1.09 ± 0.24 d 1.70 ± 0.02 def  1.50 ± 0.02 abc 1.41 ± 0.21 bcd 1.07 ± 0.18de
20 1.07 ± 0.13 d 10.96 ± 1.59 b 2.44 ± 0.44 cde  -- -- -- -- -- -- -- -- --
10 3.02 ± 0.16 bc 13.25 ± 1.69 a 5.63 ± 0.71 b  1.05 ± 0.03 bc 1.24 ± 0.12 bcd 1.24 ± 0.04de
0 5.98 ± 0.75 a 12.66 ± 0.90 ab 7.27 ± 1.04 a  1.34 ± 0.11 abc 2.41 ± 0.11 a 3.56 ± 0.66ab
-10 5.16 ± 0.77 a 4.49 ± 0.57 c 2.89 ± 0.41 cd  1.13 ± 0.08 bc 1.64 ± 0.13 b 3.96 ± 0.25a 
-20 2.95 ± 0.43 bc 3.21 ± 0.51 cd 1.47 ± 0.21 ef  -- -- -- -- -- -- -- -- --
-40 1.73 ± 0.07 cd 1.03 ± 0.19 d 1.04 ± 0.04 f  1.58 ± 0.13 ab 1.43 ± 0.06 bcd 2.86 ± 0.03bc
-80 1.25 ± 0.04 d 2.36 ± 0.43 d 1.38 ± 0.13 ef   1.31 ± 0.21 abc 1.24 ± 0.15 bcd 2.73 ± 0.26bc
Note: Experiments were performed on the same three CATAS 7-33-97 rubber trees. After sampling the CK samples, the rubber trees underwent three 
consecutive tappings. Ethrel (1g of 2.5 % (w/w) in 1% CMC) was then applied just above the tapping cut 36 h before the ET sampling.  HbYLS8 gene 
expression was used as the housekeeping gene. The gene transcript levels are compared with their expressions at 80 cm beneath the tapping cut (i.e. -
80 cm) before Ethrel stimulation. Data shown are the means of three replications and SD (n=3). Different letters in the same column signify the statistic 
difference at P<0.05 (Duncan, one-way ANOVA).
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6.9 Conclusions 
 
By investigating the vertical variation of latex total solid contents (TSCs) along 
rubber trees, the formation and Ethrel reduction of local increase of latex TSC 
(LILTSC) near the tapping cut were examined. Latex TSCs along virginal (un-
tapped) rubber trees and the un-tapped side of the tapped rubber trees were identical; 
while a LILTSC adjacent to the tapping cut was observed on the tapped side of 
tapped trees. The LILTSC near the tapping cut was caused by the tapping-
accelerated rubber biosynthesis. This is initiated following the first tapping and 
becomes to be significant after the fourth tapping. Ethrel stimulation can markedly 
reduce the LILTSC. The latex yield change pattern upon Ethrel stimulation is 
associated with the kinetic change of LILTSC and the decomposition dynamic of 
Ethrel into ethylene. Once the LILTSC is reduced by ennough ethylene release upon 
Ethrel stimulation, the latex yield increases; however, when the ethylene release 
upon Ethrel stimulation is receded, the LILTSC is restored and the effect of Ethrel 
stimulation recedes. The reduction of LILTSC by Ethrel stimulation can be ascribed 
to the translocation property of ethylene in plants and its regulation of aquaporins. 
Since maximum ethylene release upon tapping-cut-ethrel-application occurs close 
to the tapping cut, the aquaporins are more up-regulated in this region, leading to a 
respite of the LILTSC and an increase in latex yield. All these results suggest that 
the Ethrel induced aquaporin up-regulation and LILTSC reduction are involved in 
the mechanism of Ethrel promoted latex yield.  
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CHAPTER 7:   CONCLUSION AND FUTURE WORKS 
 
This thesis investigated the involvement of aquaporins and laticifer turgor pressure 
in the H. brasiliensis latex yield. The Ethrel stimulation mechanism was examined 
from these two aspects. Chapter 2 outlined the background and literature review of 
the study. Chapter 3 reported the whole family of aquaporins in H. brasiliensis. A 
novel functional PIP aquaporin with high abundance in latex was described and 
designated HbPIP2;3. The water transport function and expression profiles of 
HbPIP2;3 were investigated in response  to tapping, wounding, Ethrel stimulation, 
along with clonal differences and across various rubber tree tissues. Chapter 4 
provided a new system to accurately measure the real-time variation of phloem 
turgor pressure in H. brasiliensis. The variation of phloem turgor pressures 
according to time of day, tree height, rubber clone, tree age and girth, regenerated-
bark age, and Ethrel stimulation were all examined.  Changes to conventional 
tapping systems have been suggested in this study to increase the latex yield 
according to the phloem turgor pressure variations. The mechanism and Ethrel 
stimulation effects on the latex dilution reaction during the tapping flow course 
were investigated in Chapter 5 by simultaneously measuring phloem turgor 
pressure and latex osmotic potential. In addition, the relationship of aquaporin 
regulation with latex dilution reaction and turgor pressure recovery after tapping 
were examined. The local increase in latex total solid content near the tapping cut 
was reported in Chapter 6. A respite of the local increase in latex total solid content 
following Ethrel treatment and its mechanism of action were also described. Key 
results for this thesis are summarized and recommendations for future work are 
given in this chapter. 
 
7.1 Executive summary 
 
Natural rubber is made from the milky phloem cytoplasm, latex, which is harvested 
by regularly tapping a rubber tree. The latex yield upon each tapping is determined 
by the latex flow (velocity and duration) after tapping and the latex regeneration 
between each tapping interval. Since latex consists of 60%-70% of water, sufficient 
water supply is essential to both latex regeneration and latex flow.  
 CHAPTER 7 
139 
 
 
It is widely acknowledged that Ethrel stimulation may dilute latex, alter latex 
viscosity (η) and therefore, enhance latex fluidity and prolong latex flow duration. 
However, the molecular mechanism of water influx toward laticifer cells and the 
reason behind latex dilution subjected to stimulation and tapping were unclear 
before the identification of aquaporins from H. brasiliensis. In addition, there is a 
water equilibrium relationship, 0 tsH  , among the laticifer water 
potential (ΨH), latex osmotic potential (Ψs), laticifer turgor pressure (Ψt) and the 
water potential of their surrounding tissues. Once a rubber tree is tapped or the latex 
is diluted by Ethrel stimulation, the water equilibrium would be broken leading to 
an alteration of Ψt and Ψs. Nevertheless, although it is believed that the latex flow 
after tapping is a capillary flow which obeys the Poiseuille’s law 
(dq/dt=η·π·R4·∆P/8L), while Ethrel stimulation can dilute latex, its effect on the 
laticifer turgor pressure change that is another determinant of latex flow is still 
ambiguous due to the inability to accurately measure the real-time variation of 
phloem turgor pressure prior to and after tapping. This study investigated the 
association of aquaporins and laticifer turgor pressure with the latex of H. 
brasiliensis. The mechanism of Ethrel stimulation from these two aspects was 
meanwhile examined.  
 
7.1.1 The latex dominant aquaporin, HbPIP2;3, is associated with latex 
dilution and the Ethrel induced  yield promotion 
 
Any conditions favouring water supply into laticifers can facilitate latex flow and 
latex production. Due to the water circulation of laticifers being modulated by 
aquaporins embodied in the laticifer membranes, the previously sequenced latex 
transcriptomes, in-house genome library and the newly published draft genome 
were searched to identify additional aquaporins in H. brasiliensis. The searching 
resulted in a total of 51 putative aquaporins from H. brasiliensis, in which a highly 
expressed and Ethrel induced functional PIP2 aquaporin in latex, named HbPIP2;3, 
was identified as a key aquaporin playing an important role in laticifer water 
exchange. Its expression profile in response to various treatments was therefore 
examined. It is found that HbPIP2;3 is a functional aquaporin present in all the 
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tissues examined, including latex, petiole, leaflet, bud, root and bark. It is highly 
expressed in latex and can be up-regulated by both wounding and Ethrel treatments. 
Although regular tapping up-regulated HbPIP2;3 in the first few tappings of 
virginal rubber trees, the HbPIP2;3 gene can still be up-regulated by Ethrel 
stimulation as early as 3 h and up to 40 h in regularly tapped trees. The expression 
of HbPIP2;3 is associated with the clonal yield potential and the Ethrel stimulation 
response of H. brasiliensis. Therefore, the HbPIP2;3 aquaporin is involved in the 
latex dilution and latex yield, and the increase of latex yield upon Ethrel stimulation 
can be partially ascribed to its up-regulation by Ethrel.  
 
7.1.2 The phloem turgor pressure is an indicator for the latex yield and 
tapping system optimization 
 
The up-regulation of aquaporins facilitates water movement into laticifers. In 
response, the phloem turgor pressure that is another determinant of latex flow might 
be altered. To investigate the relationship between phloem turgor pressure and latex 
yield and to further understand the impact of Ethrel stimulation on phloem turgor 
pressure, a new phloem pressure probe capable of measuring the variation of real-
time phloem turgor pressure was developed. The change of phloem turgor pressure 
with time of day, height, rubber tree clones, tree age and girth, regenerated-bark 
age, tapping and Ethrel stimulation were investigated, and some recommendations 
for the tapping system optimization were made based on the findings in Chapter 4.  
 
The results reveal that the phloem turgor pressure varies from 0.8 to 1.2 MPa as a 
consequence of water withdrawal from transpiration. A high phloem turgor pressure 
under low transpiration in the foliation season can ensure a high latex yield 
implying that tapping can be moved forward to midnight or earlier at night. The 
decrease of phloem turgor pressure from the basal to distal stem is contrary to the 
Münch theory but shows the benefit of a controlled upward tapping system. The 
phloem turgor pressure increases logarithmically with the rubber tree planting age 
and the age based mean girth; the preferred age for the commencement of rubber 
tree tapping is eight years since the phloem turgor pressure becomes stable after 
that age. The phloem turgor pressure of the regenerated bark will be resurged one 
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year after bark regeneration. Therefore, the regenerated bark can be theoretically 
exploited again from the second year. The phloem turgor pressure is positively 
related to yield potential of rubber tree clones, and can serve as a yield assessment 
parameter. The initial phloem turgor pressure of a rubber tree is not significantly 
changed by Ethrel stimulation; however, its recovery after tapping is significantly 
deferred due to the significant dilution of latex and also likely due to the 
postponement of laticifer plugging. 
 
7.1.3 Phloem turgor pressure and aquaporins are involved in the latex 
dilution reaction during the tapping flow course 
 
Aside from the Ethrel dilution of latex, the latex during the tapping flow course can 
be diluted and is termed as the latex dilution reaction. Chapter 5 experimentally 
examined the latex dilution reaction and its mechanism during the tapping flow 
course by simultaneously measuring phloem turgor pressure, latex osmotic 
potential and latex total solid content. The latex dilution reaction was, for the first 
time, linked to the regulation of aquaporins. The results suggest that tapping 
induced turgor pressure drop is the elicitor of water influx to laticifer vessels, which 
can dilute latex at the first stage of the tapping flow. However, at the second and 
third stages of the tapping flow, the water exchange between laticifers and their 
surroundings relies largely on an osmoregulation mechanism. The latex total solid 
content remains constant or is concentrated during these two stages. The transcript 
expressions of HbPIP1;4, HbPIP2;1 and HbPIP2;3 show that they are in line with 
the latex dilution reaction, whereas, the activity regulation of aquaporins cannot be 
ruled out. Ethrel stimulation can significantly dilute the corresponding latex 
fractions during the tapping flow course due to its up-regulations of HbPIP1;4, 
HbPIP2;1 and HbPIP2;3. However, the latex dilution reaction pattern for the Ethrel 
treated trees did not change, except for a lower degree of dilution due to its higher 
initial aquaporin expressions and lower initial latex total solid content, compared 
wih the un-treated trees.  
 
 CHAPTER 7 
142 
 
7.1.4 Ethrel stimulation respites the LILTSC near the tapping cut and 
contributes the Ethrel enhanced latex yield 
 
For regularly tapped rubber trees, there is a local increase in latex total solid content 
(LILTSC) adjacent to the tapping cut. Ethrel stimulation reduces the LILTSC, 
which is in line with the latex yield promotion after Ethrel stimulation. The 
formation of the LILTSC was for the first time examined in Chapter 6. The results 
show that the LILTSC close to the tapping cut is caused by tapping and can only be 
found on the tapped side of tapped trees. A significant LILTSC can be observed as 
early as the fourth tapping and will not change with the tapping age. Beside a 
systemic latex dilution, Ethrel stimulation can markedly reduce the LILTSC by its 
higher up-regulation of HbPIP1;4, HbPIP2;1 and HbPIP2;3 aquaporins near the 
tapping cut. The reduction in LILTSC and increase in latex yield upon Ethrel 
stimulation suggest that the enhancement of latex yield by Ethrel stimulation can 
be partially ascribed to its effect on the respite of LILTSC by up-regulating 
HbPIP1;4, HbPIP2;1 and HbPIP2;3 aquaporins. 
 
7.1.5 Major contributions of this thesis 
 
The most important contribution of the current work is the confirmation of the 
involvement of aquaporins and phloem turgor pressure in rubber tree latex yield. 
The Ethrel stimulation mechanism of rubber tree yield was further examined from 
the aspect of laticifer water balance. It is found that the expression of the functional 
HbPIP1;4, HbPIP2;1 and HbPIP2;3 aquaporins, and phloem turgor pressure are 
associated with rubber tree latex yield. Ethrel stimulation can up-regulate the 
expression of aquaporins and therefore dilute latex. However, Ethrel stimulation 
cannot increase the initial phloem turgor pressure but can delay its recovery after 
tapping. Since maximum ethylene release upon Ethrel stimulation occurs at the 
neighbourhood of the tapping cut, aquaporins are more up-regulated there, leading 
to a greater latex dilution and reduction of the LILTSC. Consequently, the latex 
fluidity and latex flow duration are increased, resulting in the promotion of latex 
yield upon Ethrel stimulation. The latex yield change knetics after Ethrel 
stimulation is in line with the respite and the resurgence of LILTSC. 
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7.2 Recommendations and further work 
 
The research in this work has further confirmed the involvement of aquaporins and 
phloem turgor pressure in rubber tree yield and has greatly improved the 
understanding of the Ethrel stimulation mechanism. Due to the complexity of latex 
metabolism and Ethrel stimulation effects, some aspects regarding the underlying 
mechanism of Ethrel stimulation remain to be elucidated. Therefore, there are still 
areas in this research that require further consideration and investigation. The 
following section provides several recommendations of topics that warrant future 
investigation; 
 
7.2.1 Association of aquaporins with latex yield and latex metabolism 
 
As previously reviewed in Chapter 2, the water circulation between laticifer vessels 
and surrounding tissues is essential to both isoprene biosynthesis and latex flow 
(D'Auzac et al. 1997). Rubber clones with low TSC normally exhibit high rubber 
yield potential but limited response to Ethrel (D'Auzac et al. 1989; Gohet et al. 2003; 
Priyadarshan 2011). Since the laticifer vessels laid in the concentric rings of the 
phloem are devoid of plasmodesmata connection with their surrounding tissues (de 
Faÿ et al. 1989), the water exchange between the anastomosed laticifer network and 
surrounding tissues should be modulated by PIP aquaporins. The expression of 
aquaporins is therefore linked with latex yield. Tungngoen et al. (2009; 2011) 
reported that Ethrel, auxin, abscisic acid (ABA) and salicylic acid (SA) can increase 
latex water content and yield by regulating HbPIP2;1, HbPIP1;1 and HbTIP1;1 
aquaporin expressions. Wang et al. (2014) found that HbPIP1;4 aquaporin is 
involved in the Ethrel induced latex dilution and yield promotion. We also 
associated the regulation of HbPIP2;3 with rubber tree latex dilution and late yield 
in Chapter 3. However, these studies are limited to the expression of only a selection 
of PIP aquaporins. Different aquaporins respond differently to ethylene and other 
hormone stimulations (Hachez and Chaumont 2010). For example: HbPIP2;1 
(Tungngoen et al. 2009) and Vitis vinifera aquaporins (Chervin et al. 2008) are up-
regulated by ethylene. Conversely, HbPIP1;1 (Tungngoen et al. 2011) RhPIP1;1 
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(Ma et al. 2008), RhPIP2;1(Chen et al. 2013) and RhTIP1;1(Xue et al. 2009) are 
down-regulated by ethylene. Along with the different responsiveness of each 
aquaporin isoform, the same aquaporins in different origins respond variously to 
ethylene. HbPIP1;4 (Wang et al. 2014) and HbTIP1;1 (Tungngoen et al. 2009) are 
up-regulated in latex, while down-regulated in bark in response to ethylene. In 
addition, the co-expression of some functional and non-functional aquaporins can 
significantly increase the plasma membrane water permeability (Matsumoto et al. 
2009; Horie et al. 2011; Chen et al. 2013). The whole family of H. brasiliensis 
aquaporins comprises of 15 PIP isoforms in the 51 aquaporins (Chapter 3). 
Although HbPIP2;7 and HbPIP2;3 are the most abundant aquaporin in latex, the 
water circulation of laticifer is determined by the activities of the overall PIP 
aquaporins. Therefore, to fully understand the modulation of water movement into 
laticifers via aquaporin channels, and clearly show their relationship with latex 
yield potential, the analysis of the whole PIP subfamily aquaporin expressions and 
their interactions are required. Moreover, although direct correlation between 
aquaporin expression and latex total solid content has been confirmed by 
Tungngoen et al. (2009) and this study, the regulation of aquaporin water transport 
activities by protein phosphorylation, post-translational modification and 
redistribution cannot be ignored. 
 
There is an inverse relationship between the in situ latex TSC and latex regeneration 
rate (Arisz 1928; Schweizer 1949; Gooding 1952a).  High latex TSC can limit latex 
production. When the rubber concentration of the in situ latex is lowered, both the 
rubber synthesis enzyme productions and synthetic activities are activated until the 
rubber content approaches a limiting value (Bonner and Galston 1947). The 
decrease of latex total solid content by the up-regulation of laticifer PIP aquaporins 
can accelerate the reformation of rubber particles. We compared the HbPIP2;3 
aquaporin expression of two rubber clones in this study. It appears that the 
HbPIP2;3 aquaporin expression is associated with the latex total solid content, 
clonal yield potential and Ethrel stimulation responses. However, the correlation 
among aquaporin expressions, rubber tree clonal yield potentials and Ethrel 
stimulation responses requires more extensive studies by incorporating more rubber 
clones and more aquaporins. 
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7.2.2 Developing new safer and efficient stimulants by regulating aquaporin 
expressions 
 
Along with the increase in tapping latex yield and tapping productivity, the 
implementation of the ethylene stimulation tapping system also results in the 
prevalence of tapping panel dryness, which may severely affect the economic value 
of rubber trees (Jetro and Simon 2007). Therefore, efforts have been made to 
develop new safer and efficient stimulants. Since aquaporins can finely adjust cell 
water conductivity within a few seconds in response to stimuli (Hachez and 
Chaumont 2010), and the latex yield and latex regeneration rate are closely related 
to latex water content (Gooding 1952a; D'Auzac et al. 1997), the regulation of 
aquaporins using alternative stimulants without such side effects is highly desirable.  
 
The regulation of aquaporins includes its transcriptional, post-transcriptional, 
gating and subcellular trafficking (Chaumont et al. 2005; Maurel 2007; Gomes et 
al. 2009; Kim and Steudle 2009). They are regulated by environmental conditions 
such as water stress, low temperature, salinity, anoxia, pressure pulses and 
nematode infection (Gomes et al. 2009). Nevertheless, they can also be modulated 
by divalent cations (such as Ca2+, Mn2+and Cd2+), pH, H2O2, okadaic acid, protein 
kinase A (PKA), protein kinase C (PKC), protein kinase G (PKG), ABA, phloritein, 
vasopressins and natriuretic peptides due to phosphorylation/dephosphorylation, 
protonation, divalent cation binding, hetero-oligomerizaiton or redistribution of 
aquaporins (Maurel 2007; Gomes et al. 2009). The possibility of using these 
chemicals and hormones as effective latex stimulants with reduced side-effect 
merits investigation.  
 
Besides water movement into laticifers, the transport of sucrose into laticifers and 
the activation of isoprene-biosynthesis enzymes are also essential to accelerate latex 
metabolism and increase latex yield. It has been confirmed molecularly that 
ethylene can accelerate the importation of sucrose (Dusotoit-Coucaud et al. 2009; 
Dusotoit-Coucaud et al. 2010; Tang et al. 2010) and water (Tungngoen et al. 2009; 
Wang et al. 2014) into laticifers. Ethylene can also activate some enzymes involved 
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in latex metabolism  (Tupy 1973b; D'Auzac et al. 1997; Jetro and Simon 2007) . It 
may be a challenge to find a potential chemical that has similar effects on all these 
processes, although the molecular structure and regulation trait of major relevant 
genes (Tang et al. 2010; Dusotoit-Coucaud et al. 2010; Liesche et al. 2011; Xiao et 
al. 2014; Chaumont and Tyerman 2014) provide us with some clues.  
 
7.2.3 The relationship of phloem turgor pressure with phloem translocation, 
water balance and latex yield 
 
Latex is the rubber-containing cytoplasm synthesized in the specialized non-
photosynthetic laticifer network that lies among the phloem tissues of  
H. brasiliensis (Priyadarshan 2011). To regenerate rubbers, the rubber biosynthesis 
substrate, the sugars, must be transported from the photosynthetic source to the 
latex-producing laticifers. According to the widely accepted “mass flow theory” 
(Ryan and Asao 2014), the photosynthesis-generated sugars at sources are firstly 
actively loaded into phloem, resulting in an increase of sieve tube solute 
concentration. As the sieve tubes are separated by plasma membranes from the 
surrounding cells, the increased solute concentration will raise the phloem turgor 
pressure by drawing water from xylem through osmosis. The phloem turgor 
pressure gradient in the transport stream is therefore established, driving sugars 
transported from the sources to the sinks. Meanwhile, the sugars in the sink tissues 
are actively unloaded or passively leaked out of phloem after its arrival to the 
growth and storage sink, resulting in a decrease of solute concentration. The water 
therefore moves back from phloem into xylem leading to the decrease of phloem 
turgor pressure at the sink. There is an interconnected relationship among phloem 
turgor pressure, phloem sugar translocation, water balance and latex regeneration. 
Since regular tapping results in a significant sink effect in the latex releasing bark, 
the latex regenerating laticifers have features similar to an active meristem  (Tupy 
1973a), the correlation of laticifer turgor pressure, phloem sugar translocation, 
water balance and latex regeneration would be a fertile area for reaching the holistic 
mechanism of latex regeneration.  In addition, the translocation and utilization of 
sugars in laticifers probably involves electrogenic processes within laticifers 
(Pickard 2008). Although an H+-sugar symport system located in the plasmalema 
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has been proved to be involved in the laticifer sugar loading (Bouteau et al. 1999), 
the correlation of laticifer loading with phloem sugar transport and phloem water 
exchange remains vague. 
 
Aside from that, phloem turgor pressure is the initial driving force of latex flow. It 
determines the elastic release, the latex dilution reaction, the osmotic regulation and 
the gradual extension of drainage area after tapping (D'Auzac et al. 1989). The 
variation in phloem turgor pressure after tapping can reflect the phloem latex flow, 
laticifer plugging and overall water relationship after tapping. By accurately 
measuring the real-time variation of phloem turgor pressure, the latex flow kinetics, 
the laticifer vessel plugging, the latex drainage area upon tapping and the overall 
water relationship of the laticifer system can be better understood. We successfully 
developed a state of the art cell pressure probe for the real-time measurement of 
rubber tree phloem turgor pressure in this study. Although the measured phloem 
turgor pressure gradient is contrary to the mass flow direction, there is presumably 
a certain relationship among the measured phloem turgor pressure, laticifer turgor 
pressure and sieve elements turgor pressure for the following reasons: (1) the 
measured phloem turgor pressure changes accordingly with xylem sap flow rate 
(Chapter 4) and leaf water deficit (Buttery and Boatman 1964, 1966); (2) Girding 
could induce an ultimate increase of turgor pressure above the ring (Buttery and 
Boatman 1967).  Therefore, the phloem turgor pressure probe is a useful technique 
to study the phloem water relationship of H. brasiliensis, although methods capable 
of separating laticifer turgor pressure and sieve elements turgor pressure are more 
useful. In addition, the phloem turgor pressure and solute electrical potential can be 
simultaneously measured by a phloem turgor pressure probe incorporating an 
electrode similar to the xylem pressure probe described in Wegner and 
Zimmermann (1998). If that can be achieved, the regulations of phloem turgor 
pressure, phloem water relationship and phloem translocation would be better 
understood.  
 
Moreover, it is inferred that aquaporins are involved in the unloading of water from 
sieve elements to avoid the build-up of turgor pressure in the in the release (sink) 
phloem (Zhou et al. 2007; Knoblauch and Peters 2010; Patrick 2012). They are 
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therefore likely involved in the rapid phloem turgor pressure regulation and phloem 
loading. However, no aquaporin localized in the plant stem sink has been reported 
before the identification of HbPIP2;1 in the stem liber of H. brasiliensis 
(Tungngoen et al. 2009). This research investigated the relationship between 
aquaporin expressions and latex yield. It found that the up-regulation of some 
aquaporins are associated with rubber tree latex yield and the phloem turgor 
pressure regulation during the tapping flow course. However, the relationship 
among phloem aquaporin expression, phloem turgor pressure regulation and 
phloem sugar loading in the intact tree sink are still to be investigated.  
 
7.2.4 Mechanism of Ethrel stimulation 
 
The mechanism of Ethrel stimulation has attracted much attention (D'Auzac et al. 
1989; Jetro and Simon 2007; Zhu and Zhang 2009). As summarised in Chapter 2, 
Ethrel stimulation can not only activate the latex regeneration between two tappings, 
but also can facilitate the latex flow after tapping. The main effect of Ethrel 
stimulation is believed to be the facilitation of latex flow (D'Auzac et al. 1997; Zhu 
and Zhang 2009). Except a retardation of its resurgence after tapping, the phloem 
turgor pressure changes little upon Ethrel stimulation. Therefore, the significant 
increase in latex yield by Ethrel stimulation could be ascribed to its conspicuous 
decrease of latex total solid content and increase of latex flow duration.  
 
It is shown in this study that Ethrel stimulation can up-regulate the expression of 
aquaporins, which can facilitate water movement into laticifers and thus dilute latex. 
With the dilution of latex, the latex viscosity is decreased, the latex fluidity, 
drainage area and flow duration is increased, resulting in an enhancement of latex 
yield upon tapping. Meanwhile, the decrease in latex total solid content can 
accelerate the reformation of rubber (Bonner and Galston 1947; Gooding 1952a) 
since the increased loss in latex needs to be compensated by an acceleration of sink 
effect in sugars followed by a regeneration of rubber (D'Auzac et al. 1997). 
Therefore, the dilution of latex by Ethrel-induced aquaporin up-regulation cannot 
fully explain the mechanism of Ethrel stimulation. It should also include the 
activation of latex metabolism. It has been reported that the sucrose transporter 
 CHAPTER 7 
149 
 
(Dusotoit-Coucaud et al. 2009; Tang et al. 2010; Dusotoit-Coucaud et al. 2010), 
polyol transporter (Dusotoit-Coucaud et al. 2010), sucrose catabolism enzyme like 
sucrose synthase (Xiao et al. 2014) and sucrose invertase (Tupy 1973b), RNA level 
(Tupy 1970), ATP level (Gidrol et al. 1988), latex pH (Brzozowskahanower et al. 
1979) and relevant enzyme activities (D'Auzac et al. 1989) are altered upon tapping 
and Ethrel stimulation. In addition, etyhelen also invoves in the transportation of 
nutrients, such as nitrate (Tian et al. 2009; Zheng et al. 2013), potassium (Guthrie 
1938; Jung et al. 2009) and phosphorus (Zhang et al. 2003; Chapin and Jones 2009).  
How aquaporin expressions are commensurate with these parameters induced by 
ethylene and eventually contribute to latex yield is noteworthy further investigation.  
 
Aside from that, laticifer vessel plugging that has been clearly shown by both the 
observation of latex flow rate after re-tapping (Botaman 1966; Paardekooper and 
Samosorn 1969) and the microscopic examination of tapping region bark (Southorn 
1968b) is another critical factor influencing latex yield at each tapping. It is 
conclusive that Ethrel stimulation significantly defers laticifer vessel plugging 
(Buttery and Boatman 1967; Milford et al. 1969) by enhancing the stability of 
lutoids (D'Auzac et al. 1989). However, the coagulum components, clotting 
mechanism and elicitors of the laticifer plugging are still controversial (Shi et al. 
2010).  
 
Several modes have been developed to elucidate this mechanism, such as ion 
neutralization hypothesis (Southorn and Yip 1968), coagulase involvement (Woo 
1973, 1976), lectin like protein (Hevein) involvement (Gidrol et al. 1994), Hevea 
latex lectin like protein (HLL) induced rubber particles aggregation 
(Wititsuwannakul et al. 2008; Wititsuwannakul et al. 2008), formation of 
aggregation protein-network with chitinase, β-1,3 glucanase and rubber particles 
(Hao et al. 2004). However, most of these studies focued on the mechanism of latex 
clotting. They have not associated with the tapping flow course and Ethrel 
stimulation effects. The investigation of these latex coagulation factors in response 
to Ethrel stimulation and tapping would be useful for the elucidating of Ethrel 
stimulation mechanism. Moreover, it has recently reported that phloem proteins 
encoded by sieve element occlusion gene family (SEO proteins) are involved in the 
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sieve element occlusion of Arabidopsis (Jekat et al. 2013) and tobacco (Ernst et al. 
2012); also, Ca2+ influx into sieve tubes (Musetti et al. 2013) and, the interaction of 
phloem proteins and xylem sap are related to the blockage of wounding phloem 
(Zimmermann et al. 2013). It is still questionable whether these mechanisms are 
applicable to the plugging of rubber tree laticifer vessels. To clarify the mechanism 
of Ethrel stimulation, the mechanism and kinetic of laticifer plugging should be 
incorporated in the future research. 
 
Another consideration is that the studies described in this thesis were conducted on 
virginal trees or the trees tapped without Ethrel stimulation. Buttery and Boatman 
(1967) and Pakianathan (1977; 1982) reported that the phloem turgor pressure and 
yield response of rubber trees would be reduced by a long-term stimulation. 
Whether aquaporin expression profile and turgor pressure response to Ethrel 
stimulation will be changed with tapping and stimulation history is still an open 
question. 
 
7.2.5 Latex dilution reaction and local increase in latex total solid content 
 
The latex and phloem solute dilution during the flow course is a common 
phenomenon (Chapter 5) (Frey-Wyssling 1932; Gooding 1952b; Pakianathan et al. 
1966). Nevertheless, in situ latex at the neighbourhood of the tapping cut will be 
concentrated by tapping (Chapter 6) (Mei and Wang 1978a). The local increase in 
latex TSC near the tapping cut might contribute to the latex dilution during the 
tapping flow course. The measured TSCs at different heights of the trees might also 
be underestimated due to the dilution reaction in the tapping course. Although, 
Frey-Wyssling (1932) had showed that the fluctuations of latex TSCs during the 
tapping flow course are much bigger than the vertical variation of latex TSCs a 
more precise sampling method enabling the measurement of in situ latex TSC is 
required to more accurately show the vertical variation of latex TSC and the latex 
dilution pattern during the tapping flow. Gooding (1952a, 1952b) suggested that the 
first 5-6 drops of latex after a micro-tapping could represent the in situ latex TSC. 
This technique can be applied in future work to separate their superposition, 
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although our results have provided a general map for the latex dilution reaction 
during the tapping flow course and the LILTSC near the tapping cut. 
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Figure 3.1S.  The alignment of coding regions of HbPIP1;1 (GQ903902.1) and 
HbPIP1 (JQ037842.1) showed 96.6% identity 
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Figure 3.2S.  The alignment of the translated proteins of HbPIP1;1(GQ903902.1) 
and HbPIP1(JQ037842.1) showed 97.9% identity 
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Figure 3.3S. The coding regions of the HbPIP2;3 cloned cDNA exhibited 99.8 % 
identity with that from latex transcriptome 
 
 
 
